AD 


AWARD  NUMBER:  DAM D 17-98- 1-85 15 


TITLE:  Influence  of  Bone  Remodeling  Inhibition  on  the  Development  of  Experimental 
Stress  Fractures 


PRINCIPAL  INVESTIGATOR:  Mitchell  B.  Schaffler,  Ph.D. 


CONTRACTING  ORGANIZATION:  Mount  Sinai  School  of  Medicine 

New  York,  New  York  10029 


REPORT  DATE:  November  2005 


TYPE  OF  REPORT:  Final  Addendum 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and 
should  not  be  construed  as  an  official  Department  of  the  Army  position,  policy  or  decision 
unless  so  designated  by  other  documentation. 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

0MB  No.  0704-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing 
this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202- 
4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently 
valid  0MB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 

1 .  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE 

01-11  -2005  Final  Addendum 

3.  DATES  COVERED  (From  -  To) 

1  Oct  2004  -  31  Oct  2005 

4.  TITLE  AND  SUBTITLE 

Influence  of  Bone  Remodeling  Inhibition  on  the  Development  of  Experimental  Stress 
Fractures 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

DAMD1 7-98-1 -851 5 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

Mitchell  B.  Schaffler,  Ph.D. 

E-Mail:  mitchell .  schaffler® ms sm.edu 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Mount  Sinai  School  of  Medicine 

New  York,  New  York  10029 

8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Materiel  Command 

Fort  Detrick,  Maryland  21702-5012 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  Unlimited 


13.  SUPPLEMENTARY  NOTES 


14.  ABSTRACT 

Stress  fractures  result  from  repetitive  loading  and  have  been  regarded  as  a  mechanical  fatigue-driven  process.  However,  a 
number  of  studies  indicate  implicate  increased  bone  remodeling  in  the  pathogenesis  of  stress  fractures.  Our  experiments 
tested  the  hypothesis  by  pharmacological  inhibition  of  bone  remodeling  will  slow  the  accumulation  of  microdamage  and 
diminish  the  severity  of  the  stress  fracture.  Using  a  bisphosphonate  (BIS)  to  suppress  remodeling  in  the  rabbit  tibial  stress 
fracture  model,  we  found  that  antiresorptive  therapy  reduced  the  intensity  of  the  stress  fracture  response  in  this 
model. (99mTechneitum  uptake  reduced  by  approximately  50  percent,  size  of  the  resulting  fracture  callus  reduced  by  about  30- 
50%  in  BIS-treated  animals)  and  a  trend  toward  reduced  bone  microdamage  accumulation.  These  data  are  consistent  with  the 
hypothesis  that  bone  remodeling  contributes  to  the  pathogenesis  of  stress  fracture.  However,  variability  in  this  model  was 
greater  than  expected,  limiting  our  ability  to  move  forward  with  this  animal  model.  We  also  report  on  the  results  of  novel  model 
for  stress  fracture  healing,  using  adult  rats,  developed  under  the  aegis  of  this  program. 


15.  SUBJECT  TERMS 

Stress  fracture,  animal  model,  bisphosphonate 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

OF  ABSTRACT 

18.  NUMBER 

OF  PAGES 

19a.  NAME  OF  RESPONSIBLE  PERSON 
USAMRMC 

a.  REPORT 

u 

b.  ABSTRACT 

u 

c.  THIS  PAGE 

u 

uu 

84 

19b.  TELEPHONE  NUMBER  (include  area 
code) 

standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


DAMD1 7-98-1 -851 5 


P.l.  M.B.  Schaffler 


TABLE  OF  CONTENTS 

Page 

Cover  page  1 

SF298  Documentation  Page  2 

Table  of  Contents  3 

Introduction  4 

Summary  of  Research  5 

Key  Research  Accomplishments  18 

Reportable  Outcomes  1 8 

Conclusions  20 

References  21 

Appendices  21 


3 


DAMD1 7-98-1 -851 5 


P.l.  M.B.  Schaffler 


INTRODUCTION 

Stress  fractures  result  from  repetitive  ioading  and  have  been  regarded  as  a  mechanical  fatigue-driven 
process.  However,  histopathoiogicai  data  and  experimentai  data  from  our  iaboratory  suggests  that  increased 
remodeling  precedes  the  occurrence  of  bone  microdamage  and  stress  fractures,  suggesting  a  centrai  role  for 
increased  intracorticai  remodeling  in  the  pathogenesis  of  stress  fractures.  Thus,  we  propose  that  stress 
fracture  occurs  through  a  positive  feedback  mechanism,  in  which  increased  mechanical  usage  stimulates  focal 
bone  turnover,  resulting  in  a  iocai  increase  in  porosity.  Microdamage  accumuiation  and  stress  fractures  result 
from  continued  cyciic  loading  of  this  transiently  osteoporotic  bone.  These  experiments  test  the  hypothesis  that 
pharmacologicaily  inhibiting  the  bone  remodeiing  response  will  attenuate  severity  of  the  stress  fracture 
response  in  an  animal  model  (the  rabbit  tibial  stress  fracture  modei).  To  test  the  hypothesis  that  reactive 
remodeling  within  the  cortex  drives  the  deveiopment  of  stress  fractures,  the  effect  of  remodeiing  suppression 
using  a  bisphosphonate  on  the  accumulation  of  bone  microdamage  and  diminishing  the  severity  of  stress 
fracture  was  examined.  Tissues  were  assessed  using  bone  scintigraphy,  histomorphometry  and  biomechanical 
studies.  The  Hypotheses  and  Specific  Aims  were  as  follows: 

Hypothesis  1:  Pharmacological  prevention  of  increased  intracorticai  resorption  will  attenuate  the  development 
of  stress  fracture  resulting  from  continued  mechanical  loading. 

Aim  1:  To  determine  at  the  whoie  bone  ievei  whether  bisphosphonate  inhibition  of  intracorticai  remodeling 
attenuates  the  bone  scintigraphy  changes  (i.e.  increases  in  focal  ^^'^Technetium  uptake)  that  characterize 
the  development  of  stress  fracture. 

Hypothesis  2:  With  repetitive  mechanical  loading,  pharmacological  inhibition  of  bone  resorption  results  in 
decreased  microdamage  accumulation  in  compact  bone.  A  secondary  hypothesis  is  that  inhibition  of  activation 
of  intracorticai  resorption  will  maintain  mechanical  integrity  of  bone 

Aim  2:  To  determine  at  the  tissue  ievei  whether  bisphosphonate  inhibition  of  intracorticai  remodeiing 
decreases  the  accumulation  of  corticai  bone  microdamage  that  occurs  at  stress  fracture  sites. 

Hypothesis  3:  Pharmacological  prevention  of  increased  intracorticai  resorption  in  response  to  repetitive 
loading  will  maintain  mechanical  integrity  of  long  bones. 

Aim  3:  To  use  biomechanicai  testing  of  experimentaily  loaded  rabbit  tibiae  to  determine  directly  how 
increases  in  intracorticai  remodeling  (porosity),  and  pharmacoiogicai  prevention  of  that  increase  in 
remodeling,  influence  the  structurai-mechanical  properties  of  long  bones. 

In  this  grant  period,  we  tested  these  hypotheses  in  the  rabbit  tibiai  stress  fracture  modei,  which  was 
deveioped  in  our  iaboratory.  Tibiae  in  this  ioading  modei  develop  a  stress  fracture  lesion  after  several  weeks  of 
daily  loading.  Increased  99rn-pQ  uptake,  increased  internal  remodeling  of  bone,  increased  bone  microdamage, 
all  of  which  are  associated  with  stress  fractures  in  humans,  are  all  present  in  this  model. 

Our  objectives  in  these  experiments  were  to  use  the  rabbit  tibial  stress  fracture  model: 

•  To  determine  at  the  whole  bone  level  whether  bisphosphonate  inhibition  of  intracorticai  remodeling 
attenuates  the  increase  in  focal  bone  reaction  at  the  periosteal  surface. 

•  To  determine  at  the  tissue  level  whether  bisphosphonate  inhibition  of  intracorticai  remodeling 
decreases  the  accumulation  of  cortical  bone  microdamage  which  occurs  at  the  site  of  stress  fracture, 
and 

•  To  determine  how  stress  fracture  compromises  mechanical  properties  of  long  bones  and  whether 
pharmacological  inhibition  of  remodeling  can  offset  that  functional  deficit. 
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RESEARCH  SUMMARY 
Rabbit  Stress  Fracture  Studies 


Description  of  the  model:  We  developed  an  experimental  animal  model  for  stress  fractures  In  rabbits,  using 
repetitive  impulsive  loading  (RIL)  of  hindllmbs.  Microfractures  of  trabecular  bone  are  a  well-established 
consequence  of  the  RIL  model.  Adapted  for  use  In  diaphyseal  bone,  this  model  reproduces  the  scintigraphic 


and  radiographic  changes  typically  observed  with  stress  fractures,  including  progressive  increase  in  99rnTc 
uptake  in  bone,  periosteal  callus  formation  and  presence  of  microscopic  cracks  within  the  bone.  In  this  model, 
hindllmbs  of  skeletally  mature 


1  week  RIL 


6  weeks 


New  Zealand  white  rabbits  (1 
year  old,  4-5  kg)  were  loaded  to 
produce  tibial  diaphyseal  stress 
fractures.  Briefly,  right  hindlimbs 
were  subjected  to  repetitive 
impulsive  loading,  using  a  cam- 
driven  loading  device.  Loading 
is  at  1.5X  body  weight,  for  50 
msec  cycle  duration  at  1Hz. 

During  loading,  the  leg  and 
calcaneus  are  held  In  a  fitted, 
padded  splint  to  prevent 
translation  at  the  ankle  joint. 

Left  limbs  are  not  loaded  and 
serve  as  internal  controls.  Animals  receive  2700  load  cycles  daily.  This  regime  causes  a  stress  fracture 
response  in  the  distal  tibial  diaphysis  after  5-6  weeks  of  loading.  In  the  preliminary  experiments,  it  was  shown 
that  stress  fractures  in  this  model  rabbits  result  by  repetitive  cyclic  loading  at  low  stresses.  The  lesions,  which 
occurred  in  the  distal  third  of  tibial  diaphyses,  were  characterized  at  the  organ  level  by  progressive  Increases  in 


Fig  1:  ^^'^Techetium  bone  scans  from  rabbit  tibiae  subjected  to 
repetitive  loading.  Arrow  shows  focal  increase  in  99rn-pg  uptake 


bone  99mjQ  activity,  followed  later  and  variably  a  periosteal  reaction  (Fig  1).  In  subsequent  studies,  we 
measured  tibial  diaphyseal  strains  at  the  stress  fracture  site  in  the  range  of  1000  pstrain,  which  is  well  within 
normal  physiological  strain  range  (see  above  discussion):  strain  rates,  though  increased  somewhat  over 
normal,  were  also  within  the  range  reported  for  normal  locomotory  activities. 


Experiment  1 :  Characterization  of  Remodeiing  and  microdamage 

Resuits:  We  found  that  intracortical  remodeling  was  markedly  increased  by  6  weeks  of  loading,  with  resorption 

number  increased  more  than  5-fold  over  control  levels  (d=0.012,  ANOVA  followed  by  post-hoc  testing  using 

Fisher’s  PLSD).  Data  for  intracortical  resorption  activity  are  summarized  in  Fig.  2.  Resorption  occurred 
primarily  in  the  anterior  and  posterior  tibial  cortices,  corresponding  to  the  locations  of  stress  fracture  and 
highest  strain  rate  in  this  model.  Bone  microdamage  was  not  observed  in  control  bones  or  after  3  weeks  of 
loading.  By  6  weeks  of  loading,  microcracks  were  observed  in  diaphyses  (Fig.  3).  Typically,  these  were  small 
cracks  (mean  length  =  24  ±  7  pm).  In  addition,  microcracks  were  observed  only  in  those  areas  of  the  cortex 
that  were  undergoing  intracortical  remodeling. 
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Resorption  Number 

0.2 

0.1 

O 

Figure  2:  Intracortical  resorption  activity  in  distal  tibial 
diaphyses  after  3  and  6  week  of  repetitive  loading. 


Weeks  of  Loading 


Figure  3:  Confocal  photo-micrograph  of  rabbit  tibial 
compact  bone  at  6  wks  of  loading,  showing 
intracortical  resorption  (Rs)  and  new  osteons  (Os)  in 
association  with  bone  microdamage  (Mdx  arrows) 
(Field  width  =  400  pm) 


Acute  in  vivo  "fatigue"  experiments  were  performed  to  determine  whether  microdamage  in  rabbit  tibias 
accumulates  as  a  direct  result  of  the  applied  loading  regime,  in  the  absence  of  increased  intracortical 
remodeling.  Hindlimbs  in  anesthetized  rabbits  were  loaded  acutely  and  continuously  for  the  equivalent  number 
of  load  cycles  that  limbs  would  receive  after  6  weeks  of  chronic  loading  (70,00  load  cycles  =  ~20hrs  continuous 
loading).  Animals  in  these  latter  experiments  were  euthanized  immediately  after  completion  of  the  loading  so 
that  no  new  intracortical  remodeling  was  present.  These  acute  loading  experiments  showed  no  microdamage 
with  loading  alone  (Fig  4),  confirming  that  microdamaae  accumulation  occurred  only  in  the  presence  of 
increased  bone  remodeling. 


Rabbit  Stress  Fracture:  Microcrack  Number  in 
Acute  vs  6  wks  Chronic  Loading  (=70  K  cycles) 

10 


5 


O 


Figure  4:  Microcrack  content  in  rabbit  distal  tibial  diaphyses  after  6  weeks  of  daily  (chronic) 
loading  and  after  70,000  cycles  of  acute  loading 


a  Loaded-exp 
■  Nonloaded-ctl 


I 

L-WTI 

Acute  6  wk  Load  6  wk  CTL  Acute  CTL 
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Experiment  2:  Effect  of  Resorption  Suppression 

Treatment  using  a  bisphosphonate  (BIS,  Risedronate,  Proctor  &  Gamble  Pharmaceutical)  was  used  to 
test  whether  remodeling  suppression  attenuated  the  severity  of  stress  fracture  in  this  model.  Animals  were 
treated  using  the  weight  adjusted  (0.1  mg/kg  given  SQ,  5  days/wk)  dose  used  to  prevent  bone  loss 
postmenopausally.  Control  animals  received  saline  vehicle  by  subcutaneous  injection. 

®®'"Technetium  based  bone  scans  were  performed  to  follow  the  “clinical”  evolution  of  the  stress  fracture 
response.  Over  the  6  weeks  loading  experiment,  sequential  bone  scans  we  performed  such  that  each  animal 
was  scanned  at  baseline  (before  loading),  and  then  after  3  and  6  weeks  of  loading  (n=92  animals),  to  allow  us 
to  assess  the  progress  of  the  lesions.  The  following  procedure  was  used  for  ®®'^Technetium  injection,  scanning, 
and  quantification  to  control  for  variability  between  animals  and  among  groups.  Animals  were  each  injected 
with  3  mCurie  of  ^^'^Tc  with  the  isotope  was  administered  IV  in  the  ear  vein.  Scans  were  conducted  3  hours 
later  to  image  the  bone  phase  of  ^^'^Tc  using  a  General  Electric  STARCAM  System  with  a  pinhole  collimator 
and  the  data  archived  on  optical  disk  for  later  analysis.  Prior  to  scanning,  rabbits  were  sedated  and  the  lower 
extremities  placed  into  one  of  two  positioning  devices.  The  lower  limbs  were  positioned  in  a  holder  to  allow 
consistent  positioning  for  A-P  and  M-L  scans.  A  standardized  area  (8mm  x  8  mm)  was  used  to  determine  a 
region  of  interest  at  the  stress  fracture  site  for  the  anterior  view.  This  region  of  interest  was  of  the  same 
dimensions  for  all  animals  and  provides  an  average  count  per  pixel  of  isotope  incorporation  within  the  standard 
area.  The  same  standardized  area  was  also  used  to  determine  a  background  level  of  Isotope  Incorporation. 
An  average  count  of  Isotope  incorporation  per  pixel  was  obtained  within  the  background  area.  The  average 
counts  per  pixel  In  the  stress  fracture  region  of  interest  were  normalized  by  dividing  by  the  average  counts  per 
pixel  In  the  background  region  {Average  Counts  per  Pixel  Stress  Fracture  Region  of  Interest/Average  Counts 
per  Pixel  Background  Region).  Mean  value  for  each  time  period  was  compared  between  the  blsphosphonate- 
Injected  and  saline-injected  groups  using  t-test.  Differences  among  groups  over  time  were  assessed  using 
one-way  ANOVA. 

Results:  Tibiae  in  animals  receiving  antiresorptive  treatment  using  bisphosphonate  (BIS)  showed  reduced 
intensity  of  the  stress  fracture  response,  as  indicated  by  ^^"'Technetium  bone  scan.  At  3  weeks,  ^^'^Tc  uptake 
was  approximately  10  percent  lower  in  treated  animals;  this  difference  was  not  significant  (p  >0.4).  After  6 
weeks  of  loading,  ^^'^Tc  uptake  was  significantly  lower  (approximately  50  percent,  p<.05)  In  bisphosphonate- 
treated  animals  than  in  non-treated  animals.  Nevertheless,  ^^'^Tc  uptake  at  6  week  was  still  significantly 
(p<.001)  higher  than  in  non-loaded,  bisphosphonate-treated  animals.  These  data  are  summarized  below  In 
Figure  5. 


Rabbit  Stress  Fracture: 
^^"^Technetium  Uptake  in  Tibial  Diaphyses 
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Experiment  3:  Bone  and  Tissue  studies: 

Tibiae  were  removed  at  the  time  of  sacrifice  and  fixed  in  70%  ethanol.  CT  scans  of  each  bone  diaphysis  were 
performed  to  provide  a  3-Dimensional  “clinical”  picture  of  the  stress  fracture  response.  Bones  were  then 
embedded  in  methacrylate  resin  and  sectioned  for  histomorphometric  studies. 

Periosteal  reactive  bone  volume  -  Our  early  2-D  histological  and  anatomical  studies  in  this  program  revealed 
considerable  heterogeneity  in  the  shape  of  reactive  periosteal  woven  bone  (i.e.,  “fracture”  callus)  and 
distribution  along  the  length  of  the  diaphysis,  as  well  as  between  bones,  making  measurement  from  tissue 
sections  problematic.  In  order  to  better  account  for  this  heterogeneity,  we  developed  a  new  CT-based 
approach  to  measure  the  3-D  reactive  periosteal  bone  volume  for  the  entire  diaphysis. 

Method:  Prior  to  histological  studies,  bones  were  scanned  through  the  diaphyseal  length  using  a  GE  clinical 
CT  scanner  operated  at  0.5  mm  voxel  resolution.  Thresholded  diaphyseal  cross-sectional  images  were 
examined.  Reactive  (woven)  bone  on  the  periosteal  surfaces  of  loaded  bones  was  readily  distinguished  from 
the  pre-existing  cortex.  Custom  software  was  developed  in  MATLAB  to  allow  measurement  of  reactive  bone 
area  and  normal  bone  area  from  each  section.  This  process  was  repeated  at  every  millimeter  at  each  level  for 
which  woven  bone  could  be  observed  and  summation  of  the  reactive  bone  area  over  its  longitudinal  extent 
were  used  to  determined  volumes. 


Fig  6  :  CT  scan  taken  through  the  entire  reactive 
region  of  the  tibial  diaphysis  of  an  experimentally- 
loaded  rabbit  showing  periosteal  reactive  bone 
after  6  weeks  of  chronic  loading.  (Voxel  size  - 
0.5mm  X  0.5mm  x  0.5  mm). 


V  ij  V  V  V 
O  Q 


Fig  7  :  Thresholded  (left)  and  segmented 
mineralized  tissue  and  soft  tissue 


0  0  0  0 
0  0  V  V  V 


images  (right)  used  to  separate  cortical  bone,  reactive 


Resuits:  The  volume  of  reactive  bone  tissue  was  significantly  (d<0.05)  correlated  to  the  overall  cortical  bone 

porosity,  i.e.,  those  bones  with  the  greatest  amount  of  void  space  due  to  intracortical  resorption  showed  the 
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greatest  amount  of  periosteal  reaction  (Fig  8).  Whether  this  reflects  the  fact  that  more  porous  bone 
experiences  iocally  greater  strains  and  hence  shows  a  greater  stress  fracture  response  as  we  hypothesized  or 
perhaps  reflects  a  greater  overall  reactivity  in  certain  animals  could  not  be  determined  in  this  study. 

Fig  8 


Reactive  Bone  Volume  vs  Porosity 


When  anaiyzed  on  a  treatment  group  basis,  BIS 
treatment  resulted  in  approximately  40  percent  less  periosteal 
reactive  bone  formation  after  6  weeks  of  chronic  loading 
compared  to  vehicie  treated  animals  (Fig  9,  at  right).  However, 
these  resuits  were  not  statisticaliy  significant  (p  =  0.09)  due  to 
the  very  high  variability  among  animals  (coefficients  of  variation 
>100  percent].  Thus,  while  these  trends  are  consistent  with  the 
hypothesis  that  suppressing  resorption  will  reduce  the  severity 

of  the  periosteal  stress  reaction  in  chronic  loading,  the  results 

are  not  definitive 
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Periosteal  reactive  bone  volume 
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□  Control 

■  6  wk  Veh 
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Resorption:  After  6  weeks  of  daiiy  loading,  vehicle  treated  animals  showed  a  nearly  5-fold  increase  in 
intracortical  resorption  (Figure  10A/B).  Bisphosphonate  (BIS)  treatment  suppressed  this  activation  of  new 
intracortical  remodeling  to  control  levels,  but  those  resorption  spaces  present  in  BIS-treated,  loaded  animals 
were  significantly  larger  than  those  in  normal  bone. 
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Fig  10  A/B 
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Microdamaae'.  Overall,  the  amount  of  microdamage  in  loaded  animals  was  small  (typically  less  than  0.5 
microcracks/cm^)  and  highly  variable  (Coefficient  of  variation  >  100  percent).  BIS-treated  tibiae  showed 
approximately  50  percent  fewer  microcracks  after  6  weeks  of  loading  than  did  vehicle  treated  animals  (Figure 
11).  However,  these  results  were  not  statistically  significant  (p  =  0.11)  due  to  the  very  high  variability  among 
animal. 

Fig  11 


Stress  Fx  Tibiae:  Microdamage  accumuiation 
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Summary  of  experiments  using  rabbit  stress  fracture  modei:  While  these  data  are  generally  consistent 
with  the  hypothesis  that  suppressina  resorption  will  prevent  microdamaae  accumulation,  as  summarized  in 

Figure  12  below.  However,  the  high  degree  of  variability  in  this  animal  model  prevents  a  definitive  answer  to 

the  guestion  of  whether  remodeling  inhibition  suppresses  the  accumulation  of  microdamage  with  loading. 
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Discussion: 

The  trends  in  our  data  strongly  suggest  that  increased  intracortical  porosity  is  associated  with  increased 
periosteal  stress  reaction  in  chronic  loading,  and  that  remodeling  suppression  can  attenuate  both  the  severity 
of  the  periosteal  stress  fracture  response  (®®'^Technetium  uptake  and  periosteal  reaction)  and  the  accumulation 
of  microdamage  in  loaded  bone.  Based  on  the  clinical  criterion  of  ®®'^Technetium  bone  scans,  bisphosphonate 
treatment  was  able  to  attenuate  the  development  and  progression  of  stress  fracture  in  the  rabbit  stress  fracture 
model.  However,  because  of  the  higher  than  expected  variability  in  the  rabbit  model,  and  a  hitherto 
unappreciated  soft  tissue  injury  in  some  of  the  experimental  animals,  it  was  not  possible  to  establish  statistical 
significance  for  the  histological  parameters  in  this  model. 

Further  analyses  revealed  a  curious,  but  interesting  problem  in  our  loading  system,  which  1)  potentially 
explains  the  confounding  effects  of  the  high  variability  in  this  model,  and  also  2)  potentially  provide  important 
insights  into  the  pathogenesis  of  the  bone  stress  reaction  in  these  animals: 

1)  First,  we  found  that  some  animals  developed  a  extremely  florid  woven  bone  reactions  during  the 
chronic  loading,  and  these  animals  occur  in  both  bisphosphonate  and  vehicle  treated  groups.  Interestingly, 
these  animals  with  the  greatest  periosteal  response  appeared  to  have  initially  smaller  tibia!  diameters  than 
those  that  showed  less  extensive  periosteal  reactions.  This  is  noteworthy  as  having  a  small  diaphyseal  cross- 
sectional  diameter  for  body  size  is  well  established  risk  factor  for  stress  fracture  in  military  recruits. 

2)  Second,  we  found  that  the  amount  of  periosteal  reactive  tissue  in  these  smaller  bones  appears  to  have 
been  large  enough  in  size  so  as  to  interfere  with  the  daily  loading.  Specifically,  after  several  weeks  of  loading, 
these  initially  smaller  tibiae  enlarged  enough  in  diameter  so  as  to  be  compressed  by  the  boot-like  splint  used  to 
hold  the  limb  during  loading,  thus  superimposing  a  soft  tissue  injury  onto  the  bone  reaction. 

Relevant  Clinical  Studies;  Two  recent  clinical  studies  have  examined  the  effects  of  bisphosphosphonate 
treatment  in  stress  fractures  and  have  yielded  completely  contradictory  results.  Milgrom  et  al  (2003)  reported 
that  anti-resorptive  treatment  using  risedronate  administered  to  Israeli  army  soldiers  during  an  intensive 
training  regime  did  not  prevent  or  alter  the  frequency  and  severity  of  stress  fractures  based  on  ®®'^Technetium 
bone  scans.  However,  the  reliability  of  this  study  is  difficult  to  assess  as  it  was  found  that  there  was  significant 
noncompliance  among  subjects  during  the  studies,  due  to  concerns  about  adverse  gastrointestinal  side  effects 
of  the  oral  bisphosphonate.  A  more  recent  study  by  Stewart  et  al  (2005)  examined  the  effect  bisphosphonate 
treatment  on  existing  stress  fracture  in  competitive  athletes.  Pamidronate  treatment  significantly  reduced  the 
severity  of  stress  fractures,  with  85%  of  treated  athletes  returned  to  full  training  within  1  week  of  treatment, 
leading  these  authors  to  conclude  that  antiresorptive  treatment  may  play  a  significant  role  in  stress  fracture 
treatment 

Summary: 

•  Current  studies  support  the  hypothesis  that  increased  intracortical  porosity  is  associated  with  increased 
periosteal  stress  reaction  in  chronic  loading. 

•  Bisphosphonate  suppression  of  bone  remodeling  was  correlated  with  markedly  reduced  the  amount  of 
woven  bone  formation  (callus)  at  the  periosteal  surface  in  loaded  bones.  As  low  BIS  treatment  like  that  used 
here  has  not  been  reported  to  directly  suppress  bone  formation,  our  results  argue  that  the  reduced 
intracortical  porosity  within  the  long  bones  of  treated  animals  prevented  locally  elevated  bone  strain,  which 
in  turn  prevented  the  formation  of  woven  bone.  However,  because  of  the  higher  than  expected  variability  in 
the  rabbit  model,  and  a  hitherto  unappreciated  soft  tissue  injury  in  some  of  the  experimental  animals, 
statistical  significance  in  this  model  was  marginal. 
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•  These  data  argue  for  the  need  to  develop  a  new  animal  model  to  resolve  these  concerns  (see  next  section), 
and  allow  a  more  definitive  test  of  the  question  of  whether  increased  intracortical  remodeling  is  a  risk  factors 
for  adverse  reaction  of  bone  to  stress. 

Development  of  a  New  Model  for  Stress  Fracture 

To  address  concerns  about  high  variability,  soft  tissue  involvement  in  the  rabbit  model,  we  have 
developed  a  new  model  using  the  adult  rat  skeleton.  This  model  reproduces  the  features  of  stress  fracture  in 
humans  and  in  horses.  In  addition,  the  bone  biology  of  the  rat  can  be  readily  manipulated  to  assess  the  effect 
of  biologically  driven  remodeling  changes  (and  osteopenias)  as  well  as  gender  and  age  issues  in  the 
development  and  reaction  to  stress  fracture.  This  model  is  based  on  end-loading  of  the  ulna  in  vivo,  which 
produces  a  bending  moment  in  the  ulnar  diaphysis.  This  model  represents  a  new  approach  to  simulating  a 
naturally  occurring  fatigue  fracture  in  vivo.  This  model  achieves  fracture  through  the  development  and 
coalescence  of  microdamage  during  controlled,  fatigue  loading.  The  loading  magnitude  per  se  is 
hyperphysiological,  but  it  is  comparable  to  that  measured  in  human  and  horses  during  very  vigorous  activities. 
The  loading  conditions  differ  from  those  occurring  during  physiological  loading,  i.e.  the  load  is  applied  via  the 
flexed  carpus  and  olecranon  process.  Nonetheless,  the  distribution  of  stress  and  strain  along  the  longitudinal 
axis  of  the  ulna  approximates  that  occurring  physiologically  due  to  the  bending  moments  incurred  through  axial 
compression  of  a  curved  bone.  Furthermore,  the  fracture  configuration  is  similar  to  that  occurring 
spontaneously  due  to  fatigue,  e.g.,  as  seen  in  the  third  metacarpus  of  racehorses  or  in  the  central  metatarsal 
bone  of  race  dogs.  Finally,  despite  being  an  exogenous  loading  model,  soft  tissue  surrounding  the  area  of 
interest  is  protected  from  artifactual  trauma  and  damage  to  the  blood  supply  is  minimized. 

Ulnae  in  adult  Sprague-Dawley  rats  were  loaded  in  axial  compression  using  a  hydraulically  powered 
Instron  Test  Machine  (Dynamite  Instron,  Canton,  MA),  by  applying  load  to  the  olecranon  and  the  flexed  carpus. 
The  mechanical  loading  device  used  allows  for  precise  load  control  to  measure  the  induced  displacement  on 
the  limb  and  to  automatically  stop  the  test  when  change  in  deformation  during  fatigue  reaches  a  targeted 
value.  Thus,  under  load  control,  right  ulnae  were  cyclically  loaded  to  fatigue  failure  based  on  increase  of  bone 
deformation,  which  reflects  the  degree  of  damage  accumulated  in  the  structure).  Before  the  experimental 
series,  strain  gauge  measurements  were  carried  out  to  assess  the  strain  occurring  on  the  ulnar  surface.  A 
single  strain  gauge  was  mounted  on  the  middiaphyseal  surface  of  the  medial  ulna  in  previously  euthanized 
rats.  The  middiaphyseal  surface  is  the  site  of  maximal  deformation  occurring  due  to  the  natural  curvature  of  the 
bone.  This  has  been  confirmed  through  strain  gauge  measurements  and  finite  element  modeling.  Strains  of 
3500-4000  microstrain  resulted  from  application  of  17-18  N  consistent  with  results  of  a  previous  study.  These 
strains  are  consistent  with  the  high  strains  recorded  during  vigorous  activities  in  human  and  racehorses  in  vivo. 
Development  of  damage  during  fatigue  loading,  which  is  reflected  as  a  changes  in  bone  stiffness  and  whole 
bone  compliance  (displacement  under  loading).  The  testing  machine  measures  the  displacement  during  the 
entire  loading  history  and  stops  the  loading  when  the  reference  displacement  has  increased  by  35%.  During 
the  loading,  rats  were  anesthetized  through  inhalation;  animals  received  buprenex  for  two  days  after  loading 
for  post-procedure  analgesia.  Tissues  were  examined  at  7,  14,  21  and  42  days  after  fatigue  fracture. 

Pre-sacrifice  in  vivo  tracer  studies  were  conducted  to  evaluate  perfusion  of  the  vasculature  as  well  as 
the  lacuno-canalicular  system  at  different  time  points  in  the  healing  and  remodeling  cycle.  Each  rat  was 
Injected  via  a  lateral  tall  vein  with  0.8%  Procion  Red  solution  in  0.9%  saline.  Animals  were  anaesthetized  at  the 
time  of  injection.  Five  minutes  after  injection,  animals  were  euthanized  without  recovery  from  anesthesia. 

Results:  Fatigue  fractures  were  confirmed  in  eighteen  of  the  20  loaded  ulnae,  typically  within  12,000-20,000 
loading  cycles  (Fig.  13,  left).  In  all  cases  the  fracture  was  closed  and  non-dlsplaced. 
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Remarkably,  no  disruption  to  the  periosteum  or  intramedullary  vasculature  was  observed.  Neither  soft 
tissue  trauma  nor  the  presence  of  a  hematoma  was  evident;  in  fact,  fluorescent  tracer  studies  showed  no  signs 
of  intravascuiar  leakage  except  by  intracortical  vessels  that  were  disrupted  directly  by  the  fracture  line.  The 
fracture  was  always  located  in  the  distal  third  of  the  medial  ulnar  diaphysis. 


Fig.  13.  (Left)  Confocal  micrograph  showing  fatigue  fracture  of  medial  ulna,  representative  of  those  incurred  in 
90%  of  cases  studied.  (Right)  42  days  post  fracture.  In  both  images,  fluorescence  indicates  presence  of 
Procion  Red  tracer,  an  intravital  marker. 

Fracture  healing  proceeded  by  direct  bone  formation  via  woven  bone  proliferation  at  the  periosteal 
surface,  mainly  on  the  medio-lateral  side  of  the  injured  area.  Endochondral  ossification  was  not  observed  in 
fractured  specimens.  Immediately  after  loading,  a  fracture  line  was  observed  to  extend  from  the  mediodorsal  to 
the  medioventral  surface  (Fig.  13,  left),  with  local  microdamage  coalescing  around  the  fracture  line  and 
contained  completely  within  the  medial  cortex.  Seven  days  after  loading,  intense  periosteal  proliferation  of 
woven  bone  was  observed  on  the  medial  surface.  Woven  bone  extended  between  the  mediodorsal  and 
medioventral  extremities  of  the  fracture.  The  longer  the  crack  in  the  cross-section,  the  larger  the  increase  in 
surface  area  due  to  woven  bone  reaction  (Fig.  14).  Microscopic  observation  revealed  initiation  of  resorption 
along  the  fracture  site.  Fourteen  days  after  loading,  resorption  cavities  could  be  observed  macroscopically  at 
subperiosteal  and  subendocortical  sites  abutting  the  fracture  line.  Woven  bone  along  the  periosteum  had 
consolidated  considerably  in  comparison  to  the  previous  time  point.  Forty  two  days  after  loading,  the  fracture 
line  was  only  faintly  visible  in  one  case.  Otherwise,  the  fracture  had  remodeled  completely.  Areas  of  woven 
bone  were  well  consolidated. 
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Fig  14 
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Figure  14:  Relationship  between  crack  length  and  increases  in  bone  surface  area  in  the  groups  observed  at  7 
and  14  days  after  fatigue  fracture  loading.  The  amount  of  periosteal  woven  bone  formation  increases  in 
proportional  to  the  amount  of  damage  in  the  bone. 

Discussion:  This  model  represents  a  new  approach  to  simulating  a  naturally  occurring  fatigue  fracture  In  vivo. 
This  model  achieves  fracture  through  the  development  and  coalescence  of  microdamage  during  controlled, 
fatigue  loading.  The  loading  magnitude  per  se  is  hyperphysiological,  but  it  is  comparable  to  that  measured  in 
human  and  horses  during  very  vigorous  activities.  The  loading  conditions  differ  from  those  occurring  during 
physiological  loading,  I.e.  the  load  is  applied  via  the  flexed  carpus  and  olecranon  process.  Nonetheless,  the 
distribution  of  stress  and  strain  along  the  longitudinal  axis  of  the  ulna  approximates  that  occurring 
physiologically  due  to  the  bending  moments  incurred  through  axial  compression  of  a  curved  bone. 
Furthermore,  the  fracture  configuration  Is  similar  to  that  occurring  spontaneously  due  to  fatigue,  e.g.,  as  seen 
In  the  third  metacarpus  of  racehorses  or  in  the  central  metatarsal  bone  of  race  dogs.  Finally,  despite  being  an 
exogenous  loading  model,  soft  tissue  surrounding  the  area  of  Interest  is  protected  from  artifactual  trauma  and 
damage  to  the  blood  supply  Is  minimized 
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Summary: 

•  A  noninvasive  long  bone  fatigue  fracture  model  was  developed  that  lends  itself  for  the  study  of  periosteal 
woven  bone  during  stress  fracture  healing  and  has  clear  applications  for  the  study  of  fatigue  fracture 
etiology. 

•  This  model  can  readily  be  expanded  to  look  at  gender  issues,  age  and  to  superimpose  hormonal  and 
pharmacological  manipulations  in  an  animal  model  where  they  are  well  validated. 
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Bone  structural  and  material  properties  in  stress  fracture  risk: 

Our  studies  using  the  rabbit  model  also  found  that  animals  that  developed  the  greatest  periosteal 
response  to  applied  loading  had  initially  smaller  tibial  diameters  than  those  that  showed  less  extensive 
periosteal  reactions.  A  number  of  studies  have  shown  that  having  a  narrow  (i.e.,  more  slender)  tibia  relative  to 
body  mass  has  been  shown  to  be  a  major  predictor  of  stress  fracture  risk  and  fragility  in  male  military  recruits 
and  male  athletes.  We  undertook  a  small-scale  study  to  test  the  intriguing  possibility  that  slender  bones,  like 
those  shown  In  animal  models,  are  composed  of  more  damageable  material. 

To  test  this,  polar  moment  of  inertia,  section  modulus,  and  antero-posterlor  (AP)  and  medial-lateral  (ML) 
widths  were  determined  for  tibial  diaphyses  from  17  male  cadaver  donors,  17-46  years  of  age.  Eight  prismatic 
cortical  bone  samples  were  generated  from  each  tibia,  and  tissue-level  mechanical  properties  including 
modulus,  strength,  total  energy,  post-yield  strain,  and  tissue  damageability  were  measured  by  four-point 
bending  from  monotonic  {n  =  4/tibia)  and  fatigue  damage  accumulation  (n  =  4/tibia)  test  methods.  Partial 
correlation  coefficients  were  determined  between  each  geometrical  parameter  and  each  tissue-level 
mechanical  property  while  taking  age  into  consideration. 

Results:  Significant  correlations  were  observed  between  tibial  morphology  and  the  mechanical  properties  that 
characterized  tissue  brittleness  and  damageability.  Positive  correlations  were  observed  between  measures  of 
bone  size  (AP  width)  and  measures  of  tissue  ductility  (post-yield  strain,  total  energy),  and  negative  correlations 
were  observed  between  bone  size  (moment  of  inertia,  section  modulus)  and  tissue  modulus. 

Summary: 

Tissue-level  mechanical  properties  varied  with  bone  size.  Narrower  tibias  were  comprised  of  tissue  that 
was  more  brittle  and  more  prone  to  accumulating  microdamage  compared  with  tissue  from  wider  tibias. 
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KEY  RESEARCH  ACCOMPLISHMENTS: 

1)  Rabbit  stress  fracture  experiments:  Our  results  suggest  that  antiresorptive  therapy  using  a  bisphosphonate 
will  reduce  the  severity  of  the  periosteal  stress  reaction  in  an  animal  model  of  chronic  loading  model. 

2)  New  rodent  model  for  stress  fractures  and  healing:  Under  the  aegis  of  this  grant  we  developed  a  new  model 
for  studying  the  biology  and  healing  of  stress  fractures.  The  resulting  fracture  Is  stable  and  non-dlsplaced  and 
Is  similar  In  morphology  to  that  occurring  due  to  fatigue  in  vivo,  e.g.,  as  seen  in  the  third  metacarpus  of 
racehorses  or  in  the  central  tarsal  bone  of  racing  dogs.  Studies  with  this  new  experimental  model  suggest  that 
healing  of  stress  fractures  may  differ  from  other  fractures,  a  finding  that  may  have  clinical  significance  In  their 
treatment.  This  model  can  readily  be  expanded  to  look  at  gender  Issues,  age  and  to  superimpose  hormonal 
and  pharmacological  manipulations. 

3)  Bone  structural  and  material  properties  in  stress  fracture  risk:  Tissue-level  mechanical  properties  varied  with 
bone  size.  Narrower  tibias  were  comprised  of  tissue  that  was  more  brittle  and  more  prone  to  accumulating 
microdamage  compared  with  tissue  from  wider  tibias. 
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2.  Symposia  and  major  presentations: 

•  Microdamage  and  bone  remodeling  in  stress  fracture.  Presented  at  the  Internationai  Bone  Fluid  Fiow 
Workshop,  Amsterdam,  The  Netherlands,  September,  2002. 

•  Strength,  Bone  Quality  and  bone  remodeiing.  Sixth  International  Symposium  on  Osteoporosis:  Current 
Trends  and  Future  Directions,  National  Osteoporosis  Foundation,  Washington,  DC,  2005 

•  Stress  Fractures:  Physiology  and  Prevention.  Presented  at  the  Stress  Fracture  Symposium,  American 
Society  for  Bone  and  Mineral  Research,  Nashville,  September,  2005 

3.  New  animal  models: 

We  developed  a  noninvasive  long  bone  fatigue  fracture  model  based  on  end-loading  of  the  adult  rat  ulna 
in  vivo  lends  itself  for  the  study  of  periosteal  woven  bone  during  stress  fracture  healing  and  has  obvious 
applications  for  the  study  of  fatigue  fracture  etiology.  This  model  can  readily  be  expanded  to  look  at  gender 
issues,  age  and  to  superimpose  hormonal  and  pharmacological  manipulations  in  an  animal  model  where  they 
are  well  validated.  The  model  is  reported  in: 

Tami  A.E.,  P.  Nasser,  M.B  Schaffler  and  M.L.  Knothe  Tate.  Noninvasive  fatigue  fracture  model  of  the  rat  ulna. 
Journal  of  Orthopaedic  Research  21 :  1018-1 023,  2003. 

4.  Trainees: 

Post-doctoral  fellows 

Shijing  Qiu,  MD,  PhD 
Oliver  Verborgt,  MD,  PhD 
Liyun  Wang,  PhD 

PhD  students: 

Andrea  Tami 
Brad  Herman 
Steven  Tomassini 
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CONCLUSION: 

Summarize  the  results  to  include  the  importance  and/or  implications  of  the  completed  research  and  when 
necessary,  recommend  changes  on  future  work  to  better  address  the  problem.  A  "so  what  section"  which 
evaluates  the  knowledge  as  a  scientific  or  medical  product  shall  also  be  included  in  the  conclusion  of  the 
report. 

Our  results  suggest  that  antiresorptive  therapy  using  a  bisphosphonate  can  play  a  role  in  reducing  the  severity 
of  the  periosteal  stress  reaction  in  an  animal  model  of  chronic  loading  model.  These  data  are  consistent  with 
the  results  of  recent  clinical  studies  using  bisphosphonate  in  young  athletes  with  stress  fractures,  but  are 
contradicted  by  another  study  done  by  the  IDF  in  Israel.  Further  studies  are  needed  to  determine  whether 
antiresorptive  therapy  can  play  a  role  in  reducing  the  severity  of  the  periosteal  stress  reaction.  Moreover,  with 
the  next  generation  of  anti-resorptive  drugs,  such  as  Cathepsin  K  inhibitors,  already  in  Phase  3  clinical  trial, 
future  studies  can  be  conducted  with  anti-resorptive  drugs  that  clear  very  rapidly  from  the  body  and  from  which 
normal  bone  remodeling  rates  will  recover  within  weeks  after  stopping  treatment.  This  would  be  much  superior 
to  the  bisphosphonates,  in  which  the  very  long  biological  half  life  of  the  resorption  suppression  has  been  a 
continuing  source  of  concern  in  terms  of  effects  on  bone  health. 

The  concept  underlying  this  work  on  stress  fracture  pathophysiology,  i.e.,  that  increased  bone  resorption 
causes  focally  increased  stresses  which  accelerate  the  accumulation  of  bone  microdamage,  has  taken  on 
much  wider  significance  over  the  last  several  years.  Specifically,  there  has  been  extensive  discussion  in  the 
bone  biology  community  (ASBMR,  NOF,  NIH)  about  why  anti-resorptive  therapies  cause  a  dramatic  reduction 
in  the  incidence  of  osteoporotic  fractures  with  a  short  treatment  period,  but  have  no  significant  effect  on  bone 
mineral  density.  The  principle  hypothesis  around  which  a  consensus  has  formed  is  that  bone  resorption 
spaces  will  act  as  stress  concentrations  leading  to  focal  failures,  and  that  treating  the  resorption  will  lead  to  a 
disproportionate  gain  in  fracture  risk  reduction.  Finally,  a  number  of  recent  studies  have  shown  that 
bisphosphonate  treatment  of  children  with  Osteogenesis  Imperfecta  will  dramatically  reduced  fracture 
incidence.  That  reducing  resorption  in  OI  will  alleviate  fractures,  despite  the  presence  of  an  extremely  poor 
quality  collagen  matrix  highlights  the  potential  importance  of  resorption  spaces  in  exacerbating  bone  fragility. 
Thus,  the  concept  that  resorption  play  a  major  role  in  bone  failures  as  diverse  as  stress  fractures  in  the  military, 
OI  and  fragility  fractures  in  the  elderly,  has  garnered  significant  recent  attention  and  warrants  further  study. 
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Introduction 

Turnover  of  cells  and  matrix  occurs  in  a  wide  spec¬ 
trum  of  organs  and  tissues  and  is  essentia]  to  main- 
tenancE  of  tissue  integrity.  In  bone,  d-  major  function 
of  ostconal  remodel  in  g  is  to  raaiotain  tissue,  wlierein 
remodeling  serves  to  remove  and  replace  microscopic 
regions  of  compact  bone  that  have  reached  the  end  of 
their  functional  life.  Perhaps  the  best  characterized 
circumstance  in  which  bone  reaches  the  end  of  its 
functional  life  is  when  it  sustains  inicrodamagc  due  to 
fatigue.  Left  undetEcted  and  unrepaired,  microdamage 
in  bone  leads  tg  comproTnised  meclianical  properties 
and  bone  fragility.  Recently,  with  wide  clinical  usage 
of  drugs  which  turn  off  bone  remodeling  globally,  a 
number  of  authors  2]  have  raised  concerns  about 
whether  inhibition  of  bone  remodeling  will  predispose 
to  the  accumulation  of  matrix  damage,  leading  to  in¬ 
creased  bone  fragility,  Accordingly,  examination  of 
factors  that  influence  detection  and  repair  of  micro- 
damage  is  fundamental  to  understanding  skeletal 
health  and  disease. 


Fatigue  and  mierodaniaga  in  bone 

Cyclic  loading  of  bone,  as  in  all  materials,  leads  to 
failure  increment  ally  through  a  process  know]r  as 
fatigue.  In  bone,  this  incremental  failure  process  cor¬ 
responds  to  the  accnmulatioii  of  microatructural  level 
cracks  or  micTodamage.  Mechanically,  the  accumula¬ 
tion  of  microdamage  is  correlated  to  loss  of  materia) 
stiffness,  or  modulus  reductiorL.  Studies  from  both  our 
laboratory  and  others  show  that  bone  fatigue  and 
microdarnage  can  occur  at  strain  magTiitude.s  compa¬ 
rable  to  those  measured  on  living  bones  in  the  physi¬ 
ological  loading  environment  during  vigorousS  activity 
in  animals  and  humans,  At  these  modest  strain  mag¬ 
nitudes,  the  fatigue  life  to  failure  for  compact  bone  is 
quite  long — on  the  order  of  million?  of  loading  cycles 


[3].  In  life,  this  corresponds  to  approximately  5  to 
10  yeai’s  of  use.  However,  significant  amounts  of  fati¬ 
gue  damage  occur  during  loading,  damage  that  weak¬ 
ens  the  tissue  and  must  be  rEpaired  to  prevent  fracture 
[3]- 

Microscopic  cracking,  or  microdamage,  in  bone  is  the 
microstructural  consequence  of  bone  fatigue  (Fig.  1).  In 
1960,  Harold  Frost  [4]  reported  the  earliEst  observations 
of  microdamage  in  bone.  Using  human  rib  samples 
obtained  at  autopsy,  he  found  small  cracks,  with  a 
“linear"'  morphology^  typically  on  the  order  of  30  to 
100  \im  in  length-  Frost  posited  that  osteonal  remodel¬ 
ing  functions  to  remove  and  replace  {repair)  these  mi¬ 
crocracks.  Such  typical  linear  microcracks  have  received 
much  study.  They  have  been  produced  experimentally 
by  fatigue  loading  bone  in  vivo  and  in  vitro.  However, 
linear  microcracks  appear  to  occur  late  in  fatigue  load¬ 
ing  history  of  bones,  after  significant  modulus  degra¬ 
dation  has  occurred.  Thus,  there  arc  other  levels  of 
matrix  failure  in  bone,  which  occur  early  in  the  fatigue 
process  and  also  strongly  influence  its  fatigue  behavior. 
Indeed,  diffuse  matrix  damage  (sublamefiar- level  crack¬ 
ing)  recently  has  been  shown  to  be  a  major  characteristiic 
of  fatigue  in  bone  [5].  Other  type^  of  matrix  damage 
likely  exist  as  well,  ap  bouc  is  a  hierarchical,  un homog¬ 
eneous  material  with  extensive  interfaces  that  potentially 
allow  damage  to  form  at  many  levels  in  this  composite 
structure. 


Mlcrodama^  and  bone  fragility 

Before  discussing  the  potential  clinical  significance  of 
matrix  mjcrodamagCj  it  is  useful  to  review  the  basic  as¬ 
pects  of  mechanics  that  contribute  to  skeletal  mechani¬ 
cal  integrity,  or  the  deficiencies  therein  that  give  rise  to 
"bone  frragility.  Fragility  of  bone  can  be  defined  in  a 
clinically  relevant  straightforward  manner  as  the 
inability  of  the  tissue  to  keep  pace  with  nonnal 
mechanical  demands.  Much  of  the  effort  for  defining 
bona  friigility  in  aging  a^nd  osteoporosis  has  focused  on 
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j  Photoinic!t6£Tftp^  ^  ofbajic  fuct^iii-siiiined, 

hu-maii  fmoml.  compact  bone.  Arrm^s  show  typical  mlcrocraclcs 


detennining  wheftcr  bone  is  strong  enough  tg  bear 
norTTia]  loads,  a  logical  extension  of  the  fact  t):iat  bone 
density  (mass)  and  strength  are  well  correlated.  How¬ 
ever,  this  approach  presents  m  incomplete  picture  of  the 
cEfectiveness  with  which  bone  resists  fracture.  Under 
mechanical  loading;,  bone  exhibits  a  region  of  elastic 
(recoverable)  deformation,  followed  by  a  region  of 
plasdc  (permanent)  deformation;  mechanistically^  in  this 
plastic  or  postyicid  deformation  phase,  the  mineralized 
matrix  cracks  and  collagen  fibers  tear,  until  the  point  of 
final  complete  fracture.  Materials  can  be  strong,  stiff  and 
tough  (long  plastic  defonnation  after  yield).  Materials 
can  also  be  strong  and  stiff,  but  very  poor  at  resisting 
fracture,  and  fail  in  a  brittle  manner  once  tJieir  yield 
point  has  been  reached.  Examples  of  such  material  arc 
glasses  and  ccrstmics.  The  key  material  properties  that 
describe  the  fracture  resistance  of  a  material  include 
work  to  Fracture postyield  compliance  and  crack 
propagation  parameters.  Fracture  resistances  arc  inde¬ 
pendent  of  elastic  properties  or  strengthj  and  thus  are 
not  indexed  at  all  in  bone  mass  or  density  mcasureTnents, 
Accordingly,  a  global  definiiiDn  of  bone  fragility  must 
take  into  account  bone's  fracture  resistance  as  well  as  its 
strength  determinants. 


What  are  the  consequences  of  different  amounts 
of  fatigue  damage  on  the  mechanicat  integrity 
of  compact  bone? 

Studies  show  that  the  declines  in  fracture  rcsiata  ucc  for  a 
given  amount  of  fatigue-damaged  bone  exceed  the  losses 
of  stiffness  and  strength,  consistent  with  the  conse¬ 
quence  of  fatigue  in  many  synthetic  composite  materi¬ 
als  as  well.  However,  precise  data  defining  the 
relatioii?ihip3  between  the  amount  of  niicrodamage  and 
degradation  of  specific  mechanical  properties  do  not 
exist. 

It  is  wcU  established  in  material  sciences  that 
micro  dam  age  content  (quality  and  quantity)  inffuejiccs 


Fig^  1  Rc^iiiduQl  mcchiirtical  pioperttes  for  hiitnaa  hors  specimens 
at  ba!^elt1lc  and  after  Fatigue  loading.  The  global  mftcbanic^l 
behavior  of  bone  with  a  lower  level  of  Uitigvc  (35%  loss)  ir 

similar  to  t.ha.1;  in  nondamaged  bone,  but  with  proportionate 
reductions  of  striTness,  strength  and  Fracture  resisLance  (work  to 
fracture  and  pa  sty  i  eld  dclbnmatioii).  In  contrasty  bone  specimens 
fatigued  to  higher  fatigue  levels  showed  losses  of  strength  iti 
pfoporcioTi  to  stiffness  loss,  but  degi^adations  of  work  to  fracture 
and  postyicid  deformation  were  Tat  gL-eatcr  than  expected  based  ort 
the  stiffness  changes  in  these  specimens,  Most  striking,  however,  k 
that  bone  spedmens  fatigued  to  the  higher  level  of  showed 

cfTectivciy  no  postyicid  deformation;  they  fail  tiTuncd lately  upon 
yield 

the  residual  (remaiaing)  mechanical  properties  uf  a 
material.  Indeed,  in  bone,  aa  well  as  in  other  coiuposke 
type  materials,  the  mechanical  definition  of  fatigue  is 
based  on  stiffness  loss.  Stiffness  loss  correlates  with  loss 
of  strength.  However,  as  bone  sustains  fatigue  and 
accumulates  microdamage,  the  loss  of  fracture  resis¬ 
tance  can  be  disproporttonatdy  large.  In  the  example 
shown  m  Fig.  2,  low  levels  of  fatigue  induced  ex  vivo  in 
|ium.an  banc  specimens  result  in  proportionate  reduc¬ 
tions  of  strength  and  fracture  resistance  (tvork  to 
fracture  and  postyield  deformation);  the  overall 
mechanical  behavior  of  bone  witJi  low  levels  of  fatigue 
is  similar  to  that  in  nondamaged  bone.  In  contrast, 
bone  specimens  fatigued  to  higher  fatigue  level  showed 
losses  of  strength  in  proportion  to  stiffness  loss,  but 
degradation  of  work  to  fracture  and  postyicid  defor¬ 
mation  were  far  greater  than  expected  based  on  the 
stiffness  changes  in  these  specimens.  Most  remarkably;, 
however,  is  the  striking  absence  of  postyield  deforma¬ 
tion  m  bone  specimens  fatigued  to  the  higher  level  of 
fatigue;  they  fail  immediaiely  upon  yield.  Thus,  these 
data  reveal  that  even  small  amounts  of  fatigue  will 
compfomisE  the  functional-nicchanical  properties  of 
bone,  and  show  the  potentially  dramatic  functional- 
mcchanica]  consequences  of  fatigue  in  bone.  The.se  data 
also  emphasi7:e  that  the  deleterious  effects  of  matrix 
damage  on  the  fracture  resistance  of  bone  may  be  more 
important  than  its  effects  on  diminished  stiffness  and 
strength.  Further  studies  arc  needed  to  define  the 
threshold  levels  of  mictodamage  in  bone  that  ca.n 
significantly  impair  fracture  resistance. 
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Bone  remodjeling,  njicnxlaniage  repair 
and  maintenance  of  tissue  integrity 

Frost  [4,  6]  first  put  the  idea  forth  that  reinodeling  tar¬ 
gets  microcracks  iti  bone  and.  is  necessary  to  ma.i.rtain 
the  mcchar.jcal  integrity  of  the  skeleton.  Since  that  time, 
considerable  data  have  accrued  to  support  this  idea. 
Microcracks  have  been  shown  to  be  as.sociated  with  in- 
tracoTtical  resorption  in  overuse  and  stress  fractures  m 
hitman  and  dogs.  Burr  ct  al,  [7]  and  Mori  and  Burr  [8] 
showed  experimentally  that  resorption  spaces  are  asso¬ 
ciated  with  micrpcracks  in  canine  compact  bone. 
BentoUla  et  al  [9]  found  that  when  microdamage  is 
produced  in  rat  ulnae  by  fatigue  loading,  intracortical 
remodeling  is  slimillatEd  in  areas  where  microscopically 
visible  damage  occurs  and  where  osteocyte  morphology 
has  been  changed  3),  Rats  loaded  to  the  same 
strain  magnitude,  but  which  did  not  exhibit  fatigue 
daniELge,  did  not  exhibit  intracortical  remodeling.  Since 
intracortical  remodeling  docs  not  normally  occur  in  rats, 
this  is  convincing  evidence  that  fatigue  is  the  mitmting 
event  tor  remodeling.  Most  compelling  are  the  recent 
studies  from  Burr  and  coworkers  [10,  IK  12],  They  have 
found  that  in  dogs  treated  with  long-term  biaphospho- 
nates  10  suppress  remodeling,  tlierc  is  a  two-  to  threefold 
increase  in  bone  microdamage  content  and  a  concomi¬ 
tant  impairment  of  biomechanical  properties.  Thus,  a 
range  of  studies  during  tlie  Iasi  decade  Etro.ngly  supports 
Frost's  microdamage-remodeling/repair  hypothesis, 
showing  both  that  tnicrodamage  results  from  normal 
mechanical  of  the  skeleton  and  that  remodeling  is 
accessary  to  prevent  it^  accumulation. 


What  controls  remodeling  of  microdamage  in  bone? 

It  is  quite  reasonable  to  picsiime  that  ostcocytes,  the 
only  cells  embedded  in  the  bone  matrix,  would  be  af¬ 
fected  by  microdamage  in  the  bone  matrix  and  therefore 


rifl.  3  Ititracordcal  rc?<?rptian  spiiccEt  (R^Sp)  in  issveiation  with 
fftlieiie  mitrocianks  (i^Cr)  iaduc^  in  vivo  by  gydic  loEiding  of  ral 
ulnilC 


play  a  key  role  in  targeted  bone  reinodeling,  Osteocytes 
arc  extensively  distributed  throughout  the  bone  m.atnx. 
Their  canalicular  processes  completely  inftltratc  the 
matiix  of  bone.  They  have  well -developed  cytoskcletons; 
they  are  attached  to  their  surrounding  matrix  through 
adhesion  molecules  and  to  their  neighboring  cells 
throiish  gap  junctiona.  Thus,  they  arc  strategically  well 
situated  to  detect  or  to  be  affected  by  disruption  of  their 
surrounding  mairix. 

Severa]  lines  of  indirect  evidence  support  the 
hypothesis  that  ostcocytes  are  needed  to  detect  or 
respond  to  matrix -level  injury.  In  several  instajices 
where  osteocytes  are  absent  from  bone,  fatigue  failures 
w'ill  occur;  wdl-known  examples  include  radiation- 
induced  death  of  osteocytes  arid  allograft  bonCr  Similar 
mechanisms  also  may  play  a  role  in  bone  fragility  of 
avascular  necrosis,  Absence  of  osteocytes  is  associated 
with  hip  fracture,  Parfitt  [1]  hypothesijxd  that  osteocyte 
death  ].eads  to  fatigue  microdamage  accuruuladon  in 
bone  resulting  from  decreased  ability  in  bone  to  detect 
matrix  injury.  These  data  are  consistent  with  the  ideas 
that  ostcocytes  are  needed  to  effect  an  appropriate  bio¬ 
logical  response  to  matrix  damage  and  arc  necessary  to 
mainiain  the  mecbanical  integrity  of  the  skeleton.  The 
jnvolvemetit  of  ostcocy  tes  in  bone  fatigue  and  remod¬ 
eling  recently  was  directly  shown  by  Verborgt  et  al.  [B], 
who  found  that  osteocytes  undergo  apoptosis  (regulated 
cel)  death)  m  bone  areas  immediately  surrounding  bone 
microdamage.  These  areas  of  ostcocyte  apoptosis  colo- 
calize  exactly  with  the  of  bane  that  subsequently 

undergo  later  resorption  by  osteoclasts. 


Remodeling  and  micirodamage:  what  happens 
when  the  normal  homeostasis  is  altered? 

There  are  considerable  data  to  support  the  ideii  that  an 
appropriate  amount  of  bone  remodding  k  needed  to 
effectively  repair  wear  and  tear  microdamage  in.  bone; 
that  is,  in  healthy  bone  there  is  a  “horcGostatic  balance^' 
between  wear  and  tear  and  Intrinsic  repair.  The  next 
question  as.ks  what  happens  to  microdamage  accumu¬ 
lation  in  bone  when  remodeling  is  not  operating  prop¬ 
erly. 


Can  too  much  remodeliitg  be  a  problem? 

Schaffler,  Radin  and  Burr  [H]  proposed  that  elevated 
intracortical  remodeling  can  accelerate  microdamage 
ELCcnmiilatioa.  They  argued  that  increases  in  intracorti- 
cal  porosity^  resulting  from  activation  of  imracortical 
remodeling,  would  have  a  dramatic  effect  on  decreasing 
the  stiffness  of  cortical  bone.  Continued  loading  of  this 
focal  region  of  osteoporotic  bone  will  in  increased 

local  stresses  and  strains,  leading  to  rapid  bone  micro- 
diimage  accumulation.  Martin  used  a  mathematical 
model  to  explore  this  concept  in  detail  in  the  context  of 
stress  fracture  development.  Using  feedback  model  to 
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examine  the  effects  of  increasing  porosity  on  the 
mechanical  properties  of  compact  hone,  Martin  p5] 
showed  that  there  is  a  critical  porosity,  load  interaction, 
raicrodamage  accuntulation  threshold.  Once  the  thresh¬ 
old  for  matrix  damage  is  reached,  tJtrough  increased 
bone  porosity  and/or  through  increased  local  loading, 
bone  becomes  mechanically  unstable  and  fails  rapidly 
and  catastrophically.  Both  the  SchafBcr  hypothesis  and 
Martin’s  model  are  consistent  with  a  range  of  recent 
histopathobgical  observations  in  early  stress  fracture, 
.'^i.ccordingly,  these  data  suggest  that  too  much  remod¬ 
eling  can  accelerate  bone  mlciodamagc  accumulation.. 


composition  are  thought  to  cause  bone  to  become  more 
brittle  and  damageablE  [18],  although  a  direct  loechan- 
icai  test  of  this  hypothesis  has  not  been  done,  Frost  [6], 
Parfitt  [1]  and  OUr  group  [1<5]  observed  that  inadequacies 
of  local  remodeling  processes  in  the  aging  skcletoii  can 
lead  to  a  similar  end  point;  bone  becomes  locally  more 
fragile,  and  there  a.re  likely  to  be  sites  at  which  micro- 
damage  occurs.  Whether,  in  fact,  local  mineral  content, 
in  the  absence  of  adequate  bone  turnover,  becomes 
sufScicntly  high  so  as  to  embrittle  bone  remains  un¬ 
known. 


Can  loo  little  remodeling  be  a  problem? 

Tire  converse  question,  one  that  is  more  frequently  dis¬ 
cussed  in  context  to  aging-bonc  fragility  and  also  to 
pharmacological  treatment  of  metabolic  bone  disease,  i.s 
whether  too  little  bone  remodeling  leads  tg  the  accu¬ 
mulation  of  bone  microdamage.  The  simple  answer  to 
thi.s  question  is  yes — too  little  remodeling  leads  to  the 
build  up  of  bone  microdamage.  However,  the  reasons 
for  this  remain  unresolved, 

Analyses  of  the  data  pertaining  to  age-related  accu¬ 
mulation  of  microdamage  in  bone  are  instructive  in  this 
regard.  In  1995,  wc  reported  the  first  observations  of 
increasing  in  vivo  microdamage  in  aging  bone  [16], 
Subsequent  studies  in  a  number  of  laboratories  have 
shown  that  microdamage  accumulation  with  aging  oc¬ 
curs  throughout  the  appendicular  skeleton,  in  long  bone 
diaphyses,  in  the  cortex  of  the  femoral  neck  and  in  the 
trabeculae  of  aging  femoral  heads.  It  has  been  argued 
tliat  ineffective  remodeling-repair  of  normal  rnicrodam- 
age  (in  the  a.ging  skeleton)  can  explain  the  increasing 
microdamage  content  in  bone.  Alternatively,  it  has  been 
posited  that  microdamage  accumulation  might  be  a 
“.■symptom”  of  matrix  ch.anges  in  the  aging  bone  matrix 
{or  in  the  drug-treated  skeleton),  which  predisposes  tiic 
bone  to  sustain  microdamage. 

Recent  studies  of  bone  from  remodeling-suppressed 
animals  reveal  significant  increases  in  bone  microdam¬ 
age  in  dogs  treated  witli  long-term  bisphosphonates  for 
i  to  2  years,  supporting  the  concept  that  ineffective 
remodeling-repair  can  lead  to  microdamage  accumu¬ 
lation  [10,  11,  12].  Moreover,  the  amount  of  micro- 
damage  accumulation  was  nominally  proportional  to 
the  amount  of  remodeling  suppression.  Dogs_  treated 
with  alendronate  showed  both  greater  remodeling  sup¬ 
pression  and  greater  roicrods-mage  increases  than  dogs 
treated  with  riscdronatc. 

While  at  first  glance  these  data  suggest  that  i.uhibition 
of  bone  remodeling  using  bisphosphonates  suppresse-s 
the  repair  of  bone  microdamage  leading  to  its  accumu¬ 
lation.  there  is  a  potential  confounding  factor  to 
this  interpretation.  With  remodeling  suppression  u-sing 
bisphosphonates  and  the  resulting  low  bone  turnover, 
bone  matrix  mineral  content  increases  at  the  micro¬ 
scopic  level  [17].  Such  local  changes  in  bone  mineral 


Conclusion 

In  conclusion,  existing  data  indicate  that  (1)  micro- 
dautage  accurnulation  impairs  the  mechanical  integrity 
of  bone,  more  so  in  terms  of  its  abiiity  to  withstand 
fracture  than  in  terms  of  reducing  its  strength,  and  (2) 
suppression  of  bone  turnover  causes  microdamage  to 
build  up  in  vivo.  Accordingly,  we  can  ask  the  question  of 
whether,  from  the  standpoint  of  microdamage  and 
mechanical  integrity  of  bone,  there  are  theoretical  limits 
to  the  suppression  of  bone  turnover?  Logic  dictates  that 
there  should  be  such  a  limit.  However,  in  our  current 
state  of  knowledge,  we  cannot  yet  defi.r.e  that  limit. 
There  remain  several  key  deficiencies  in  our  level  of 
understanding  of  the  processes  involved.  First,  one  key 
piece  of  needed  information  is  a  more  complete  under¬ 
standing  of  how  much  matrix  damap  can  occur  before 
the  mechanical  integrity  of  bone  is  impaired  at  a  clini¬ 
cally  relevant  level.  Currently,  we  do  not  know  how 
much  microdamage  in  bone  is  too  much.  Implicit  in  this 
issue  is  the  need  to  differentiate  changes  in  mechanical 
integrity  that  are  statistically  significant  in  the  experi¬ 
mental  context  from  those  that  elte  significant  and 
meaningful  in  the  clinica!  context.  Second  is  the  need  for 
more  in  vivo  studies  to  measure  microdamage  accu¬ 
mulation  in  the  living  skeleton,  This  latter  issue  is 
problematic,  Microdamage  accumulation  occurs  in 
load-bearing  bones,  and  it  is  not  possible  at  this  time  to 
directly  monitor  matrix  damage  in  patients.  The  same 
argument  also  holds  for  direct  assessment  of  bone 
turnover  in  wcight-bcating  bones;  we  cannot  do  it  with 
our  current  tech.n.ologies  and  are  therefore  limited  to 
extrapolations  about  long  bone  turnover  based  on  direct 
.studies  of  nonloaded  bone  biopsy  sites,  such  a.s  the  iliac 
crest.  Studies  of  bone  samples  from  .selected  hip  frac¬ 
tures  may  provide  important  insights  into  whether 
bisphosphonate-treated  patients  develop  a  high  bone 
raicrodamage  burden.  Until  the  advent  of  new  tcchnol- 
ogie.s  to  assess  microdamage  and  bone  remodeling 
in  vivo  in  major  load-bearing  bones  (for  example, 
technologies  that  are  based  on  functional-biological 
imaging  of  bone),  the  most  critical  data,  for  microdam¬ 
age  accumulation  and  bone  remodeling  will  need  to 
come  from  additional  long-term  studies  in  large  animals, 
which  use  various  levels  and  modalities  of  remodeling 
suppression  to  modulate  activation  frequency.  Such  data 
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^  TheoreCicai  curve  !?ih owing  the  expected  relationship  between 
TTiicTodamage  cootcnl  in  bone  and  residnal  Tractiirc  rcsisUnee,  as 
measuicd  ftom  postyield  displaccTncnt^  in.  fiLiignc-toiLded 
ratigiK^induced)  bone<  Tlic  inflectioTi  point  of  this  cnrvcis  defined  aj 
the  tbrcKhold  level  distinguistibg  mechatiiciLlly  good  bone  [good 
Fyuemte  (Fx)  tesistance]  from  mechanically  impaired  bon*  (poor  Fx 
rcaistajtcc).  This  curve  provides  a  basis  for  estiifiating  the  mechamcaJ 
consequence  of  in  vivo  microdamage  aceumulation,  has 
observed  with  suppression  of  remodeling  (Mdx,  in  vivm  remodekng- 
j^upprcFFied  bone).  PYD  postyield  deptession 


for  microdamage  accumulation  in  vivo,  combined 
with  conipicmentary  biomschanical  data  defining  the 
threshold  levels  for  in  vivo  bone  microdarnage  aeon- 
miiUtion  that  result  in  significantly  impaired  fracture 
resistance,  will  allow  the  development  of  predictive 
curves  (Fig.  4)  to  estimate  whether  suppression  of  bone 
turnover  will  lead  to  bone  fragility. 
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Discussion 

Dr.  Currey:  Td  like  to  ask  what  is  the  nature  of  the  cracks 
that  you're  looking  at?  T  think  you  show  linear  cracks  in 
cro5S-scction$.  This  would  indicate  to  me  what  you're 
actually  looking  at  arc  compressive  cracks  that  go  down  in 
a  long,  straight  line.  Have  you  looked  at  sections  at  right 
angles,  SO  the  haver sian  systems  are  going  up  and  down? 

Dr.  Bu,rr:  In  these  data,  w'c've  not  looked  at  other 
orientations.  In  other  specimens,  we  have  looked  longi¬ 
tudinally.  In  this  case,  the  cracks  basically  nin  down  the 
length  of  the  haveraian  systems.  In  fact,  they're  fairly 
long,  on  the  order  of  200  pm  to  300  pm  on  averaga- 

Dr.  Schaffler:  Are  they  lines  or  planes? 

Dr.  Burr  They're  planes. 

Dr*  Cnrrcy:  Do  you  think  they're  compression  or 
tcnsiori? 

Dr,  SchafEer:  Neither.  T  think  they '.re  internal,  inter¬ 
stitial  shear  in  the  material,  If  you  apply  a  uniform  load, 
it’s  not  going  to  cause  the  same  rnictostrnctural  strains 
rince  the  bone  has  materia!  of  different  microscopic 


stiffBesscs.  I  think  that  for  the  linear  cracks  it  gets  to  a 
point  where  cither  internal  friction  or  whatever  causes 
the  damage  to  initiate  gets  there,  and  then  materia) 
breaks  like  that  inieTnally.  We\e  done  a  lot  of  studies 
on  diffuse  damage  (shown  in  the  confocal  photouncro- 
graph).  The  size  order  of  those  cracks  is  about  the  same 
ass  the  crystal  aggregates  that  were  described  by  Green 
when  he  deorganified  the  surface  of  bone  and  looked  at 
it  with  EM,  Weiner  and  Price  ground  up  pieces  of  bone 
and  ran  them  throng  various  molecular  sieves  and 
found  similar  resultg,  Tlicy  got  small  crystals  on  the 
normal  crystal-like  size^  hut  also  had  a  cIustEring  of 
ji.ggrcgates  in  the  range  of  about  250  run  to  400  um 
Thaf  s  the  size  order  for  those  cracks.  I  think  the  cracks 
arc  a  failure  between  the  collagen  and  the  mineral  at  tliat 
size  order.  But  wc  really  don’t  know  what  holds  the  bone 
together  at  that  level — it*s  not  quite  ultras tructnre  and 
it’s  not  quite  m  icro  structure - 

Dr.  Ferrari'  You  pointed  out  the  extraordinary  het¬ 
erogeneity  of  number  of  cracks  at  a  given  age  in  a  given 
bone,  Which  matters  most  then  with  regard  to  fragility, 
the  initiation  of  cracks  or  the  lack  of  repair?  Maybe  we 
should  incorporate  some  very  simple  epidemiological 
data  on  patients,  like  the  amount  of  exercise  that  the 
people  from  whom  we  got  those  bones  were  doing  at  a 
certain  time,  or  markers  of  bone  turnover  to  have  a 
rough  estimate  of  reTnodeling  activity,  Po  we  have  any 
study  where  this  heterogeneity  has  observed,  where 
wc  would  have  markers  and  epidemiological  data  to  try 
to  pin  down  what  underlies  this  heterogeneity? 

Dr,  Burr:  I  dgn^t  know  of  any,  but  activity  data  will 
be  terribly  variable  and  will  not  tdl  you  much.  And  I 
don't  have  much  confidence  in  marker  data,  If  you  were 
able  to  look  at  damage  using  a  bone  sample  from  a 
biopsy  for  example,  then  my  suggestion  would  be  to 
look  at  turnover  rate  by  labeling  ahead  of  time  and  also 
measuring  activation  frequency.  We  have  actually 
looked  at  the  relationship  between  damage  accumula¬ 
tion  and  fracture  jn  femoral  heads.  Wc  did  an  autopsy 
study  a  few  years  ago,  in  which  we  took  femoral  heads 
from  women  who  had  fractured  the  opposite  side, 
femoral  heads  from  womcTi  with  a  fracture,  ago-matched 
women  who  had  not  fractured  and  femoral  heads  from  a 
younger  sample  of  women-  We  found  that  both  older 
groups  had  significantly  more  microdamage  than  the 
younger  group.  Within  the  older  groups,  the  ones  that 
had  fractured  and  the  ones  that  hadn’t  fractured  didn’t 
have  any  difference  in  rnicrodamage  accumulation.  So 
the  relationship  between  damage  acoiimulation  and 
fracture  couldn’t  be  explained  based  solely  on  whether 
there  was  a  fracture  present. 

Dr.  Bilezikian:  At  the  doses  of  bisphosphonate?  that 
wc  currently  use,  is  there  any  evidence  in  human  studies 
for  incrcaae  in  microdamage? 

Dr.  Burr:  We  haven't  done  that  study  yet,  but  I 
would  say  this:  Our  study  has  been  criticized  because  wc 
use  such  high  levels  of  bisphosphonates,  but  the  amount 
of  suppression  that  we  got  is  no  different  than  the 
amount  of  suppression  that  women  have  with  lower 


doses  orbisphospbonates.  You  get  90  to  95%  suppres¬ 
sion  in  the  iliac  crest.  What  we’ve  shown  is  that  the 
amount  of  damage  you  accumulate  is  very  closely 
related  simply  to  the  amount  of  suppression  that  you 
get.  So  those  studies  haven't  been  done,  but  I  wouldn’t 
expect  it  to  be  very  different. 

Dr.  Bouxsein:  Do  you  think  it's  a  function  of  just 
reducing  turnover  or  docs  the  actual  mechanism  of  haw 
that’s  done  have  an  effect?  For  example j  if  bisphosph- 
oTiatcs  and  SERMs  had  equal  amount  of  turnover 
suppression,  would  you  expect  the  same  effect  on 
microdetmage  accumulatioTi  or  different  effects  because 
one  is  directly  affecting  osteoclast  survival  and  the  other 
presumably  not? 

Dr.  Sc]:iaffler:  My  feeling  is  that  it’s  strictly  related  to 
the  amount  of  remodeling  suppression,  but  wo  have  just 
started  looking  at  estrogen  and  SERMs,  and  there  may 
he  some  differences. 

Dr.  Heaney:  In  the  first  of  the  Henry-  Ford  sympo¬ 
sium  volumes,  in  a  chapter  by  Lent  Johnson,  he  notes 
with  respect  to  stress  fractures  that  the  fracture  occurs 
after  the  remodeling  starts.  So  that's  a  confirmation  of 
your  observation, 

Dr,  Burr;  Since  that  time,  there  has  been  at  least  one 
other  instance  in  which  biopaica  have  been  done  on 
stress  fractures  by  Satosi  Mori  in  Japan,  and  those 
pictures  show  that  the  remodeling  is  impressive, 

Dr.  Schafffer:  Reviewing  the  postmortem  data  from 
race  horses  (if  they  get  a  stress  fracture  it’s  the  end  for  a 
thoroughbred  horse),  Stover  and  co workers  found 
elevated  remodeling  at  the  contralateral  limb  at  the  same 
site  even  if  they  hadn’t  had  the  stress  fracture  occur. 

Dr.  Heaney:  Dr,  Burr,  you  have  published  a  paper 
with  higl>dose  etidronate  in  which  you  didn’t  find  an 
increase  in  crack  density,  but  you  showed  more  recent 
data  today.  Can  you  integrate  those  two  studies  for  me? 

Dr,  Burr:  We  used  two  different  dosages  of  etidro¬ 
nate,  0*5  mg/kg  /d  and  5  mg/kg/d.  The  reason  we  chose 
these  dosages  was  that  we  wanted  to  use  a  low  dosage 
that  wouldn't  impair  mincralizatioii,  and  we  wanted  to 
use  a  iiigher  dosage  that  Larry  Flora  and  others,  had 
foinid  caused  spontaneous  fractures.  We  wanted  to 
duplicate  that  and  determine  whether  the  incidence  of 
spontaneous  fractures  a  microd am agc- related  or  a 
mineralization  phenomenon,  and  it  turns  out  to  be  a 
mineralization  phenomenon.  In  fact  you  actually  have 
less  microdamage  with  the  high  dose  of  etidronate  in 
those  animals,  presumably  because  the  bone  is  more 
compliant,  but  they  stiJl  fracture. 

Dr.  Heaney.  They  should  be  more  ductile? 

Dr,  Butt:  Yes,  but  they  dank  have  much  mineral  in 
them. 

Dr*  Heaney:  You  can  bend  them,  but  that's  not  the 
same  thing  a.s  fracture. 

Dr.  Burr:  Well,  high  rates  of  fracture  also  occur  in 
patients  with  osteomalacia.. 

Dr.  Heaney;  Fm  not  sure  of  that. 

Dr.  Burr:  There  are  some  data  to  siigge^st  that  that’s 
true. 
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Dr.  Jepscn:  Regarding  Dr.  Burr’s  study,  why  did  you 
attribute  the  decrease  in  toughness  to  microdaiuage?  ^ 

Dr.  Burr:  We  know  that  the  reduced  toughness  is 
associated  with,  microdamage,  but  we  don’t  know  that 
microdainagc  is  the  cause  of  the  reduced  toughness.  It 
could  also  be  the  increase  in  the  mean  degree  of  miner¬ 
alization  of  the  tissue  that  makes  it  a  bit  more  brittle.  We 
have  now  shown  that  there  is  also  an  increa.scd  mean 
degree  of  miueralizaliop  m  these  dogs. 

Dr.  Jepscr:  One  of  the  things  that  kept  coming  up  is 
that  rnicrodamage  causes  fragility,  and  it’s  really  difficult 
to  say  that,  because  materials  that  show  increased 
microdamage  are  also  inherently  brittle. 

Dr.  Butt:  We  did  not  make  that  statement  in  those 
papers.  Wc  never  said  that  it  wm  because  of  the 
microdamage,  There’.s  an  association  there,  but  ws 
absolutely  don’t  know  that  there  s  a  caiise-and-cfFect 
relationship, 

Dr.  Shmookler  Rei.s;  If  you  sec  an  increase  in 
microfracture  density  with  age,  it  can  mea.n  any  of  three 
things.  One  is  that  the  incidence  of  microfracturcs  is 
higher  in  older  people.  Tine  second  is  that  the  remodel¬ 
ing,  which  would  cure  them,  is  impaired,  It  doesn’t  have 
to  be  tes  efficient,  just  slower  (it  occurs  with  less  fre¬ 
quency  and  so  you  can  get  a  higher  steady-state  level  of 
ffiicrofracturc).  And  the  third  would  be  that  there  are 
some  microfracturcs  that  are  inaccessible  to  repair.  Do 
wc  have  any  idea  which  of  tliese  occurs  and  is  respon¬ 
sible  for  the  difference  with  age?  Is  it  possible  the  risk  of 
fracture  is  considerably  ^eatcr  for  cither  very  lo.ng  or 
conveniently  clustered  microfracturcs  and  that  s  what 
we  really  should  be  looking  at  for  this? 

Dr.  Schaffier:  All  those  factors  you  identified  as 
potentially  leading  to  damage  accumulation  with  age  arc 
possibilities,  and  they  probably  all  occur  to  some  ejctcni. 
We  don't  know  which  is  predominant.  We  don’t  know  if 
it’s  a  detection  error  vis-a-vis  the  osteocytes  or  a  failure 
to  initi.atc  remodeling.  Certainly,  there’s  evidence  that 
older  bone  may  have  different  damageability  and  that 
the  damage  could  have  the  same  mineralization  issue 
that  Karl  and  Da.vid  were  just  discussing.  In  that  argu¬ 
ment,  cracks  could  be  perceived  of  as  a  symptom  of  a 
sick  matrix.  Then  there’s  the  issue  of  the  loading  con¬ 
ditions,  which  arc  different  in  the  aging  skeleton.  It’s  not 
necessarily  magnitude  of  load  that  causes  damage,  it’s 
repetition  of  frequencies,  and  it’s  also  loading  rates.  If 
you  stop  off  a  curb  unexpectedly,  it's  more  damaging  to 
your  skeleton  than  if  you  step  off  the  curb  gradually.  So 
it  could  be  the  frequency  of  those  accidents  that  changes 
with  age  as  well,  but  we  don’t  have  any  insight.  Eric 
Radin  used  to  call  that  “micro-fclutziness,’’  It’s  a  term 
that  didn’t  catch  on,  but  1  think  it  has  utility,  and  that 
“micro-kiutzincss”  may  increase  with  age  as  well.  As  far 
as  the  issue  of  crack  number  versus  crack  length  inter¬ 
action.  David  and  I  have  basically  summarized  the  data 
on  what’s  known  about  how  cracks  Interact  in  a  quan¬ 
titative  way'  to  weaken  bone.  .Add  to  tha.t  a  bit  of  data 
from  Peter  Ziopis  and  that  summarizes  20  years  of 
intensive  research  and  data  collection. 


Dr.  .lepsen;  Typically,  people  count  the  number  of 
cracks,  so  I  think  that’s  really  going  to  be  critical  to 
some  of  these  i  ssues.  I  don’t  think  these  cracks  would  be 
weighted  equally;  a  small  crack  versus  a  large  crack, 
cracks  in  different  orientations,  and  depending  on  where 
the  crack  is  actually  located  within  the  matrix--are  all  of 
these  going  to  have  hnge  effects  on  the  integrity  of  that 
tissue?  Tliat’s  not  known.  Plow  do  we  count  cracks?  Wc 
just  count  the  numbers.  Currently,  we  don  t  really 
weight  them. 

Dr.  Burr:  They’re  weighted  by  length  in  some  cases. 
Crack  surface  density  is  a  combination  of  number  &aA 
length,  but  we  don’t  know  how  to  weigh  by  orientation. 
Tliere  arc  lots  of  subtleties  about  the  measurement 
techniques  that  we  don’t  know  how  to  handle. 

Dr.  Jepsen:  The  other  thing  is,  a  small  crack  in  a 
brittle  matrix  is  not  going  to  behave  the  same  way  a.s  a 
small  crack  in  a  ductile  matrix. 

Dr.  Schaffler;  Yes,  one  could  even  make  the  argument 
that  it  may  be  the  volume  of  damage  material  that  you 
.should  count  (it  isn’t  even  the  number  of  cracks)  to 
understand  function.  Tt  may  be  that  we’ve  approached 
this  with  standard  histomorphometry  tools  the  same  as 
we've  done  for  trabecular  architecture  and  we’ve  defined 
a  counting  paradigm  that  may  not  be  the  appropriate 
one  for  defining  function. 

Dr.  Botvin;  We  have  obtained  essentially  the  same 
results  as  those  reported  by  David  Dempster  in  collab¬ 
oration  with  Klaus  Klaushofer.  Tlierc  is  jio  difference 
between  both  states,  and  tlicrc  is  no  significant  difference 
with  age  in  the  control  group.  We  compared  our  placebo 
group  with  our  control  group  and  after  the  placebo 
treatment,  the  degree  of  mineralization  is  the  same  as  the 
control  group.  We  have  an  increase  in  mineralization 
after  bisphosphonatc  treatment  if  we  compare  with  the 
placebo  and  if  wc  compare  with  the  control . 

Dr.  Turner:  We  know  that  reducing  turnover  has  a 
lot  of  good  effects  and  this  ha.s  been  reiterated  a  number 
of  times.  If  you  reduce  bone  turnover,  you  can  dispro¬ 
portionately  affect  fracture  rates  in  the  spine  at  the  very 
least.  Wc  may  know  from  David's  studies  in  dogs  that  if 
you  reduce  turnover  dow'n  to  95%  or  down  to  5%  of 
what  it  was,  that  you  may  accumulate  microdamage. 
increase  mineralization  or  maybe  create  a  brittleness  is¬ 
sue.  So  there  may  be  a  .safe  level  for  reduction  of  turn¬ 
over  that  will  maybe  repair  all  the  microdamage  and  still 
afford  anti  fracture  efficacy.  T  was  curious  where  Dr.  Burr 
got  the  50%  number  for  “safe”  -suppression  of  remod¬ 
eling? 

Dr.  Burr:  The  reason  for  the  S0%i  number  is  because 
(at  least  in  cortical  bone),  we  found  suppressions  of  53  to 
68%,  and  we  still  saw  a  threefold  increase  in  damage.  So 
I  know  it’s  not  above  50%.  That’s  why  wc  suspect  it's 
below  50%,  but  we  don’t  know  exactly  what  it  is. 

Dr.  Bouxseir.;  Regarding  the  hypothc-sis  that  one  of 
the  things  we  would  like  to  optimize  is  whole  bone 
toughness,  it  seems  that  it  is  a  parameter  were  not  even 
sure  how  to  measure.  Everything  e).se  we’re  talking 
about  in  toughness  is  on  the  material  level,  but  what 


sso 

happens  when  someone’s  fracture  is  a.  structural  failure. 
Even  tvith  your  very  small  decrease  in  iiltirnate  strength, 
if  it’s  enough,  it  is  a  catastrophic  event.  How  do  we  bring 
our  material  level  measurements  of  microdamage 
toughness  to  how  they’re  going  to  impact  whole  bore 
strength  or  whole  bone  toughness?  I  think  tliis  is  prob¬ 
ably  what’s  going  to  determine  fracture  risk  in  the  end. 

Dr.  .Tepsen:  Just  go  back  to  some  of  the  work  that  was 
done  in  tire  1950s  and  19603  and  start  breaking  some 
bones  and  correlating  material  properties  with  those 
whole  bone  structures  and  it’ll  tell  you. 

Dr.  Burr;  T  don’t  think  that’ll  tell  you,  I  think  what  you 
need  to  do  is  fatigue  tests ,  If  you’re  really  talking  about  the 
toughness  issues,  then  it’s  got  to  be  a  cyclic  test. 

Dr.  Bouxscin;  With  the  proximal  femur,  when  you 
fall  down  you  don’t  fracture  in  a  fatigue  mode,  you 
fracture  in  the  impact-loading  mode. 


Dr,  Burr;  Yes,  but  you  may  be  predisposed  to  frac¬ 
ture  from  the  impact.  Thus,  another  interesting  thing 
would  be  to  look  at  the  effect  of  damage  accumulation 
on  impact  strength.  It  is  important  to  try  to  define  the 
percentage  decrease  in  bone  turnover  that  will,  be  optb 
mai  in  terras  of  preventing  fracture.  We  gues-s  that  this 
may  be  betw-ecn  30  and  50%  suppression  of  activation 
frequency. 

Dr.  Ferrari;  Whatever  that  number  is,  if  it  is  as  low  as 
that,  that  is  probably  what  we  achieve  in  all  the  placebo 
arms  of  the  current  trials  with  just  calcium,  vitamin  p. 
Yet  we  know  the  anlifracture  efhcacy  of  this  treatment  is 
far  from  optima!.  So  there  is  a  kind  of  a  paradox  coming 
out  here. 

Dr  Burr;  I  agree,  we  just  don't  know  what  the 
optimal  amount  of  suppression  might  be  for  autifracture 
efficacy. 
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Spatial  Distribution  of  Bax  and  Bcl-2  in  Osteocytes  After 
Bone  Fatigue;  Complementary  Roles  in  Bone 
Remodeling  Regulation? 


OLIVIER  VERBORGT,'  '^  NADINE  A.  TATTON,*  ROBERT  J.  MMESKAJ  and 
MrrCHELL  B.  3CHAEFLER 


ABSTRACT 

Osteoevte  anoDtosis  appeaire  to  pUy  a  key  rok  in  the  mechanism  by  which  osteoclastic  resorptitin  activity 
targets  bone  for  remoS,  because  osteocyte  apoptosis  occurs  In  highly  spedfle 

and^  subsequent  remodeling  after  faUgne.  However,  beyond  tentnnal  deojsynucleoUdyl  transferase  {T  T)- 
mediatrf  deoxyuridine  triphosphate  (dUTP)-Wotm  ntek  end  labeling  (TUTO  assay  little  ts  known  about 
the  mechanisms  controlling  osteocyte  apoptosis  in  vivo-  In  the  current  Studies,  expression  of  Bate,  a  proapop- 
todc  gene  product,  and  Bd-Z,  an  antlapoptottc  gene  product,  was  determinedln 

using  immimocytocbemical  staining  and  compared  with  TL-NEL  stammg  patterns.  Bax  and  Bd-2  ^ 
in  oTteocytes  by  6  h  after  loading.  Moreover,  Bax  and  Bcl-2  in  osteocytes  were  expressed  differently  as  a 
function  of  distance  from  microdamage  sites.  The  peak  of  BaX  expression  and  TDNEL"  staining  m  osteocytes 
was  observed  Immediately  at  the  microcrack  locus,  which  Is  where  bone  resorption  occurs  in  system,  in 
contrast,  Bcl-2  expression,  the  antiapoptotic  signal,  reached  its  greatest  level  at  some  distance  (1-2  mra)  from 
microcracks.  Tliesc  data  suggest  that  near  sites  of  mlctoinjury  in  bone,  those  osteocytes  that  do  not  undergo 
apoptosis  arc  prevented  from  doing  so  by  active  protection  mechanisms.  Moreover,  the  zone  of  apoptotlc 
osteocytes  around  microcracks  was  effectively  “walled  in”  by  a  surrounding  halo  of  surviving  osteocytes 
actively  expressing  Bd-2.  Thus,  the  expression  pattern  of  apoptosis-inhibiting  gene  products  by  osteocytes 
surrounding  the  apoptotic  osteocyte  at  microdaniage  sites  also  may  provide  important  signak  m  the  guidance 
of  resorption  processes  that  occur  in  association  with  osteocyte  apoptosis  after  fatigue.  (J  Bone  Miner  Res 
2002;17: 907-9 J4) 

Key  words:  bone  remodeling,  osteocytes,  apopto.sis,  Bcl-2,  Bax 


INTRODUCTION 

Induction  of  tcgtilatcd  osteocyte  dCftth,  that  is^  apoptosis,  is 
posited  to  piay  a  key  role  in  bone- remodeling 

events  in  pathological  bone  developing  bone, 
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estrogen  dfipiivation/^'^^  acute  matrix  injury/^  ?i>id 
glucocorticoid-induced  osceoneerosis/®'^^  Verborgt  et  d/”* 
showed  that  osteocyte  apoptosis  occurs  after  fatigue- 
induced  bane  matrix  injury.  Moreover,  they  found  iliat 
osteocyte  apoptosis  was  not  widespread  but  highly  local Ued 
to  sites  of  microd^imagc  that  are  subsequentJy  remodeled. 
This  highly  focal  localization  of  osteocyte  apoptosis  sug- 
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gests  i:Hat  microdamage  m^y  affect  only  ostcocytes  in 
immediate  vicinity.  Mtemarively,  it  also  is  possible 
osteocytcs  at  some  dismcc  from  microdamage  can  protixt 
themselves  from  matrix  injoty-induced  ccH  death,  thereby 
exercising  an  adchiiona]  level  Of  control  in  the  regnlation  of 
ostcccyte  apoptosis  and  bone  remodeling. 

Apoptosis  is  a  highly  regulated,  intrinsic  process  involv¬ 
ing  activatian  of  genes  that  can  promote  the  death  of  a 
cell/^“^^^  The  hcl-2  gene  family  encodes  a  large  number  at 
proteins  that  participate  in  progrs.mmed  cell  death.  Some 
members  of  this  family  soch  as  Bcl-2  have  antiapoplotic 
protective  functions  and  caP  prevent  the  activation  of  more 
downstream  effector  proteins  such  as  the  caspase  pro- 
Other  members  such  as  Bax  have  proapoptoric 
functions  and  can  antagonize  the  '“ptoteedve"  actions  of 
The  precise  roles  and  mechanism [s)  through 
which  the  hcU2  gene  family  members  inhibit  or  promote 
apoptosis  still  a  matter  of  active  investigation.  However, 
it  known  that  Bcl-2  family  proteins  can  regulate  a 
voltage-dependent  anion  channel  In  the  mitochondnal  mem¬ 
brane  and  thus  prevent  or  facilitEitC  tlie  release  of  proapop- 
totic  signaling  molecules  such  as  cytochrome  c  from  the 
mitoChciidiia,^^^'^ 

Although  cotlsiderEblc  data  support  the  involvement  of 
cjSteocytc  apoptosis  in  activating  and  targeting  bone  resotp- 
ciut),  tlierc  is  scant  understutidmg  Of  the  mechanisms  cotI" 
trolling  osteocyte  apoptosis  in  vivo,  Recently.  Bcl-2  expres¬ 
sion  has  been  repotted  in  newly  formed  osteocytes  in  fetal 
bone  bur  not  in  other  osteocytes.^*^  Whether  Bcl-2  can  be 
up-iegulated  and  plays  any  role  in  osteocyte  apoptosis  in 
adult  bone  is  not  known.  Early  coutiolling  factors  in  llie 
apoptosis  cascade  in  bone  have  not  b&eti  studied  in  situ.  In 
the  cuiTcnt  studies,  we  examined  wheilicr  the  regulation  of 
osteocyte  apoptosis  after  fatigue  loading  is  regulated  by 
differences  in  the  expression  patterns  Of  Bax  and  Bcl-2.  We 
examined  the  expression  of  Bex  and  Bcl-2  in  fatigued  bone, 
assessing  their  specihe  spatial  and  temporal  association  wTth 
induced  fatigue  raicrodamage, 


MATERIALS  AND  METHODS 

In  vivofazisue  h<iding 

Right  ubias  of  female  adult  Sprague^-Dawley  rats  (4-5 
months  Old)  were  subjected  to  fatigue  loading  using  the  rat 
ulna  fatigue  model  developed  by  Bentolila  et  This 
system  applies  axial  loads  to  the  carpal  and  olecranon  ends 
of  the  ulna  to  generate  bending  moinents  in  Ibe  ubm-  di- 
aphyses,  h  has  been  shown  to  activate  inlracortical  remod¬ 
eling  in  fatigued  ulnas  in  Under  inhalation  anesthe¬ 
sia  (isofluiane,  loading  conducted  at  4  Hztmd 

performed  under  load  control  (maximum  load  of  20N)  and 
the  axial  displacement  range  was  monitored  using  a  linear 
variable  differential  transducer  (LVDT)  LoiLding  wa.*^  per¬ 
formed  using  a  miniscrvohydrauUc  testing  system  (Instron 
S841;  Instron  Corp„  CantoTi,  MA,  U5A)  under  closed  loop 
coTLfrol.  As  in  our  previous  studies,  ul.uas  were  fniigucd  to  a 
single  stopping  point  based  on  loss  of  whole  bone  stiffness j 
indexed  by  a  30%  increase  in  ulnar  compliance.^^^^  This 
stopping  point  rcflccLs  die  formation  of  microdamage  in 


bone  but  is  well  in  advance  of  fatigue  fracture, 
ulnas  wore  not  loaded  and  served  as  paired  internal  controls 
Before  and  after  loading,  animals  were  allowed  unrestricted 
cage  activjty  and  ad  libitum  access  to  food  and  water. 
Procedures  were  conducted  with  approval  from  the  Itistitu- 
houai  Animal  Caro  and  AmmaJ  Use  Committee  Of  Tlie 
Mount  Sinai  School  Of  Medicine.  At  necropsy,  uluas  were 
manually  dissected  free  of  soft  tissue,  fixed  in  formaliUj 
dficalcihed  in  formic  acid,  and  embedded  in  paraffin  for 
hji;iological  sectioning,  Longitudinal  sections  of  the  ulnar 
diaphysis  were  cut  at  a  5-^Am  thickness  and  adhered  to 
charged  slides, 

Overview  of  ej^£rimeni: 

Immunocytocbemical  studies  were  performed  to  deter¬ 
mine  whether  differences  in  Bax  and  Bel- 2  expression  are 
mvolved  in  the  rogulaiion  of  osteocyte  apoptosis  in  associ¬ 
ation  with  microdamuge.  Specifically,  Bax  and  Bci-2  were 
examined  (!)  to  establish  unequivocally  that  osteocytes  die 
by  apoptosis.  (2)  to  clcline  the  spatial  distribution  Of  dead/ 
dying  osteocytes  in  tdstion  to  microdamage,  and  0)  to 
determine  in  this  context  The  spatial  and  irmporal  expres¬ 
sion  patterns  of  Bax  and  Bg1-2,  lie  archetypical  pgstrivc  and 
negaiive  regulators  Of  apoptosis. 

Localization  qf  ost^ocyia  apopto.^^  and  Bci~2 

expression:  In  the  first  series  of  studies,  we  sought  to 
determine  how  Bax  and  Bc]-2  arc  involved  in  the  curly 
regulation  of  osteocylB  apoptosis  after  fatigue.  Localization 
of  Bax  and  Bcl-2  cxpfeLssiuT;  and  terminal  deoxy nucleotidyl 
transferase  (TdT)-TTiedLa!cd  deoxy  uridine  triphosphate 
CdUTP)-biotiii  nick  end  labelmg  (TUNEL)  staining  tn  os- 
teocytes  was  examined  acutely  (24  h)  after  induction  of 
bone  fsiligue, 

Time  coarse  of  Bax  and  Bcl-2  regalation:  In  a  second  set 
of  analyses^  we  examined  the  time  course  for  the  expression 
of  Bax  and  Bcl-2  in  osleocytcs  in  response  to  in  vivo  fatigue 
loading  to  assess  whether  acute  chajiges  in  pro-  and  anti- 
apoptotic  events  in  ostcocytes  arc  maintained  throughout  a 
L  to  2-wfiek  period,  during  which  the  osteoclastic  resorp¬ 
tion  response  to  osteocyte  injury  occurs.  Previous  studies 
have  shown  increased  TUNEL that  Ls,  apoptotic,  osteo- 
cyces  by  24  h  after  fatigue,  with  no  change  thereafter  up  to 
10  days/^^  In  the  current  studies,  Bax  and  BcL2  were 
examined  at  fi  h  and  24  h  and  at  10  days  after  fatigue 
loading. 

Immf^nokistochemiccfl  detection  of  Bax/Bcl-2 

To  detect  Bax  and  Bch2  expression  in  osceocytes 
fatigue  loading,  sectiOOS  wtero  immunorC&cted  with  antisera 
against  Bax  (polyclonal  antibody,  N-20;  Santa  Cru^, 
Caxpjnteria,  CA,  USA)  and  Bcl-2  (monoclonal  andbody, 
C-2;  Simta  Cru^)  using  the  stusptavidin-biotjTT  complex 
method  with  the  Dako  CSA  (peroxidase)  system  (K1500; 
Dako,  Carpinleria,  CA,  USA),  After  deparaffinization  and 
rehydration,  sections  w^cre  treated  with  3%  hydrogen  per¬ 
oxide  to  block  endogenous  peroxidase  activity.  Bor  immu- 
nOStaining  for  Bcl-2,  sections  were  pretreated  with  antigen 
retrieval  solution  (Biogenex,  San  Ramon.  CA,  USA)  for  30 
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minutes  at  raom  temperature,  For  both  primary  antibo<)ies> 
meubattoas  were  performed  during  30  minutes  at  room 
temperature  {Bax,  1:500^  Ecl-2,  lilOOO).  Thereafter*  sec¬ 
tions  were  treated  with,  sequential  15-minute  iocubatjong 
with  biotinylated  little  antibody streptavidin-biotin- 
peroxidase  complex,  biocinyl  tyramidc  ampliiicatioFi  re¬ 
agent  (Perkin  Elmer,  Boston,  MA,  USA),  and  streptavidin- 
peraxida$e-  Staining  was  completed  by  a  5-miriute 
incubaliOTt  with  3,3 '-diaminobeP^i dine  tetmbydrcchlonde. 
which  resiJlts  in  a  brown-colored  precipi.tatc  at  the  antigen 
site.  Between  steps,  sections  were  rinsed  in  three  fresh  baths 
of  phosphate-buffered  saline  for  5  minutes  cacb.  For  nega¬ 
tive  staining  controls,  the  i mm unos tailing  was  performed 
with  normal  oiDusn  sent  (DEiko)  instead  of  each  primary 
antibody.  Growth  plale  tissue  of  growing  mice  served  as 
positive  control  for  Bax  apd  Bci-2  expression. 


determined  (imx  microdamage  in  fatigut^d  bone  and  in  non- 
loaded  control  bone. 

Siansiical 

The  KruRkal-W&ilis  analysis  of  variance  (ANOVA)  was 
used  CO  assess  expression  of  Bax  and  Bcl-2  and  TUNEL 
staining  in  osteocytCS  between  groups  over  distance  from 
microdamage  with  post  hoc  comparisons  perfermed  against 
control  values  using  Wilco?con  signcd-ronlt  test  for  matchccl 
pairs,  Eclui  valent  analyses  were  perfortned  to  assess  Bax 
and  Bcl-2  expression  in  osteocyres  after  fatigue  over  time. 
Statistical  anoJ.yses  were  perfomned  using  the  Sigmastat 
ataiisilcal  software  (version  2.03,  SPSS,  Inc,,  Chicago,  TJ-, 
USA).  Data  aiC  reported  as  means  ±  SD. 


TUNEL  siairii^S 

To  assess  directly  csteocyie  ai^optosis  in  relation  lo  mi- 
crodamage,  TUNED  stain to  identify  DNA  frag^ 
mentation  was  performed  using  the  ApopTag  system  [In- 
tergem  Purchase.  NV,  USA)  as  in  Our  previous  studies,'  ^ 
De paraffin  Lied  secti  ons  wore  placed  in  phospbaie-buffcred. 
saKne  Equilibraiion  buffer  for  5  minutes  and  incubated  for 
60  minutes  with  TdT/digoxigcuin-tabdcd  dUTP  at  37“C. 
The  reaction  was  slopped  by  immersing  the  sections  with 
stop/wash  buffer  at  room  temperature  for  30  minute.*^. 
Peroxidase-labeled  anti  dig  oxigenin  with  diaminobenzidinc 
(DAB)  staining  was  used  to  localize  TUNEL-stained  ceils; 
fast  green  was  used  as  a  countsrsfaia/^''^^^  Rat  thymus 
screed  as  a  positive  control  for  apoptobc  cells.  DNAse- 
treated  control  bone  was  used  as  a  positive  control  for 
TUNED.  TdT  was  not  added  to  negative  controls, 

H istomo  777^0  JJie  try 

L(?cal/zarion  0/  ost€Qt;yt€  apopiom  Bax  ond  BcU2 
^xpr€3myn:  Acute  changes  in  Bax  and  Bc]-2  expression  and 
TUNEL  Staining  in  osteocytes  after  fatigue  were  quantified 
using  a  histomorpbometiic  approach  with  diftcrential  iuU:r- 
fbrence  contrast  (DIC)  light  microscopy.  To  assess  the  lo¬ 
calisation  of  Baxj  Bel- 2,  and  TUNEL  sUi.iniTig  in  osteocytes 
in  fatigued  bone,  a  iBicrocrack  was  visualized  and  1 5  fields 
(distance  =  3.75  mm)  were  quaniificd  in  longitudmal  di¬ 
rection  moving  away  from  the  inicracmck.  From  Bax  and 
Bd-2  immunorc acted  sections  and  from  TUNEL-sUiined 
sections,  the  Qstcocyte  number  densities  in  lacunae  with 
positive  and  negative  staining  w'ere  determined.  Measure¬ 
ments  were  performed  using  point  count  sterealogical  meth¬ 
ods,  using  a  10  mm  X  10  mm  eyepiece  grid  reticule  at  40  X 
magnification.  In  non  loaded  control  bones,  15  fields  were 
randomly  selected  and  quantified  for  comparison  piirposes- 
All  data  were  collected  by  a  single  observer. 

Th^^-^cour^^  of  Bax  and  Bcl-2  regulation:  To  assess  the 
expression  of  Bax  and  Bcl-2  in  ostcocytes  over  time  after 
fatigue  loading,  specimens  were  examined  at  0  Cbascline 
control).  6,  and  24  h  and  at  10  days  after  fatigue  loading. 
From  Bax-  and  Bcl-^-.staincd  sections,  ostcocyce  number 
densities  in  lacunae  with  positive  and  negative  staining  were 


RESUTTS 

Localizyition  of  osteocyte  apopiosu  and  Box  and  Bd-2 
expression 

Intense  TUNEL  '"  staining  wo,'?  found  in  osteocyres 
(~257o  of  total  cells)  in  fatigued  bane  immediately  adjacent 
to  micTociacks  (p  <  0,001,  compared  witli  control;  phcn 
Comicrogmphs  in  Fig.  1,  data,  for  distance  disiribution  in  Fig, 
2).  The  number  of  TUNEI.'^  ostcocytes  decreased  with 
increasing  distance  away  from  mierocracks  (Fig  2A),  Sim¬ 
ilarly  ^  Bax  expression  was  increased  drajuntically  In  osteo- 
cyies  in  bone  immediately  adjaccoi  to  miciocracks.  with 
soma  41%  of  loral  cells  at  microcrack  loci  expressing  the 
Bax  protein  ip  <  0.001),  The  riumbcr  of  osteocytes  express¬ 
ing  Bax  protein  at  die  ctaok  locus  was  '-70%  higher  than 
the  number  of  TUNBL'^  osieocytes.  Box  expression  also 
rapidly  decreased  with  increasing  distance  away  from  a 
mlcrocrack.  By  2-3  mm  away  from  microcracks,  expression 
of  Bax  in  osteocytes  in  fatigued  bone  declined  to  the  same 
low  level  in  osteocytes  in  control  nonloaded  bone  (Fig.  2B). 

Distribution  of  BcJ-2  expression  in  oeteocytes  waa  fun¬ 
damentally  different  froin  Bax  expresSTOn  and  TUNEL"^ 
staining,  Bch2  expre.ssion  wOS  increased  moderately  in  os- 
tcocytes  immediately  around  microcracks  (23%  of  total 
cells  at  microcrack;  p  <  0.001),  However,  the  population  of 
ostcocyles  peaked  at  some  distance  from  mictoc- 
racks,  reaching  their  highest  levels  (49%  of  total  cells)  at 
t-2  mm  from  microdamage  foci.  BcU2  expression  m  os- 
teocyte.'i  decreased  to  control  levels  at  3^4  mm  oway  from 
microctacks  (Fig,  2C), 

Time  course  of  Bax  ctnd  Bcl-2  regularion 

Figure  3  shows  changes  over  lime  iu  the  numbers  of  Bax 
and  001-2*  osreocytes  in  bone  adjaceui  to  micro  cracks  sifter 
fatigue  loading.  At  6  h  after  fatigue  loading,  tlie  number  of 
Bax*  osteocylcfi  was  increased  >10-fold  over  control  val¬ 
ues  (V  ^  0,001),  with  no  further  significant  changes  up  to 
24  b.  By  10  d^ys,  numbers  of  Bax"'"  cells  decreased  by 
approximately  one-half  (p  <  0.01,  relative  to  number  of 
Bax*  osreocytes  at  24  h).  The  temporal  expression  for  Ecl-2 
in  osteocytes  similar  to  that  of  Bax,  Nonloaded  bone 
showed  no  significant  difference  from  baseline  conimls. 


verborgt  et  al, 
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FIG.  L  PhotorTTicTOgtnphs  shoi^- 
mg  find  Ed-1  exprsasiort 
EiccLiofi^  of  nlmiT  dJaphysca,  Brown 
prtdpttJitc  in  ciils  itidlcfltcS  immu- 
noil^activity.  (A)  Hax  cxpossslon  in 
OSTeoc^tci  EUfTQunding  ft  mianc- 
f/ick  (mows)  in  f&tiBoed  bone.  (&) 
No  0?^  expT^ion  was  seal  in  os- 
tcacytes  In  fttisued  l^ocic  ft  way 
irorn  microcincks.  {Q  Bel -2  ct- 
pTCSsion  in  osr^^ocytes  near  micro- 
damage  (firfciws)  in  fftligncd  bonfi. 
Note  high  TiumberE  of  positive  cells 
Sit  some  di.stance  ftiom  the  microc- 
TTickr  (D)  No  BcI-2  staining  wafl 

in  ostDocytes  in  fati^;tiecl  botic 
away  frEmi  microdfliriftBc,  (E) 
Bd“2  Tm.mun<?tt5Hct]vil.y  hi  sections 
of  CMittrol  npnloatJecl  ulnar  diftphy- 

(photorrtierogmph  fi#Id  widths^ 

SBO  ^im). 


DISCUSSION 

Tlie  current  studies  show  increases  Of  both  Bax^  a  pro- 
apoptotic  protein,  iind  Ecl-2,  an  anti ap Opto dc  protein,  in 
osteocytes  after  fatigue  loading.  More  specifically,  analyses 
of  spatial  distribution  of  Bax  and  Bd-2  show  that  the 
proteins  arc  expressed  in  fimdamentally  different  patterns  in 
ostcocytes  as  a  funeiion  of  distance  from  microdEurvflge 
sites.  Tlie  proapoptotic  signal  is  highest  tramedlately  adja¬ 
cent  to  the  microcraclcs,  and  the  antiapoptotic  protein 


reaches  its  greatest  level  at  some  distance  from  the  damage 
focus.  TUNBL  studies  showed  a  spufial  distribution  in  re¬ 
lation  to  microdamage  similar  to  Bax  expression  in  osce(> 
cytes,  though  greater  numbers  of  Bax^  c^lls  than  TUN^"^ 
cells  were  a  consistent  finding  at  all  distances  from  micrO- 
damage.  This  is  an  expected  consequence  after  injury. 
up-iegu]atron  occurs  at  an  earlier  stage  of  the  apoptotic 
process  than  rhe  nuclear  degradativc  changes  marked  by  the 
TUNEL  method/^^'^^  The  ^ntfefjme”  of  Jm  apoptotic  ostco- 
cyie,  the  duration  of  die  effector  stage  of  apoptosis,  or  the 
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A-  TUNIL  POSmVE  STAINING  IN  OSTEOCYTE5 
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FIG.  2,  Distance  dbtiibntion  of  fAl  TUNEL*  aminln^,  (B) 
expression,  and  (Q  Bci-2  expression  Irt  o^^tcocyC)S^;  in  ml  at]  on  to  mi- 
croernoks  at  24  h  after  fatigtj^.  Data  are  ^ihcwn  as  osrcocyto  den^iticA 
(number  af  cells/Tiim^)-  [A  and  B)  In  bone  regions  irnTnedLatcly  adja¬ 
cent  TO  micfocracks  (0  tYim),  tUNEL'^  osieooyrcs  were  highly  ifl- 

cfflaacd  avei'  ccxitrnl  Jevel.A  i^p  <  The  numbets  Of  TUNEL^ 
oateocytGA  decreased  with  inenzasing  dlsiariEic  nwfiy  from  mi.ccocracka, 
]fl  bone  rtgiqns  away  from  microcracks  (at  2-3  mm  away),  die  number 
of  TUNEL"^  ostcocyres  reached  rhe  same  bw  level  as  seen  in  non- 
loaded  control  bone.  Distance  distribution  of  Bax  estprciiAioTi  in  ostco- 
cyrcR  in  re  Inti  nn  to  microcracks  showed  ft  similar  trend  ^i3  tlic  TUNED* 


FIG.  3.  CharigcK  Over  time  in  the  numbers  of  Bax"^  and  BcD2" 
ostcocytoS  in  bene  Adjacent  to  microcracks  ivfier  fatiKue  loading.  Data 
are  uhown  as  ojsLeocytc  dcnsldes  (number  of  cclls^mir.^j,  Bax  expres- 
aion  WM  Signi/Lcantly  Lneteosed  at  6h  after  fatigue,  wilh  no  chanEC  up 
10  2^  h  C*p  <  aOfll,  Telfttlvei  to  baifctine  control).  At  10  days,  total 
numbers  of  osteocytes  declined  by  approximately  one-balf 
(**p  <  0.0  ID  SimilEir  trend  was  seen  for  Hcl-2  express  Inn  in  odteocyres 
near  microdamage  over  time.  Totftl  ostcocyte  density  was  740  ±  G3 
Cnuittbcr/mni^). 


fill  hi  degradtitive  phas&  are  not  known.  Thcrcfor&^  some 
Eew  ''  cells  present  at  the  earliest  ttmo  period  after  mechan¬ 
ical  challenge  mhy  indicate  cells  that  exhibit  ntielcar  deg- 
radativc  chaageg  only  after  tbc  time  points  included  in  otir 

Some  cell  death  follows  pathways  that  ate  mitochondri- 
ally  dependent. A  decline  in  the  mitochoncinal  mem¬ 
brane  potend.al  and  the  rC!lea.<;e  of  molecules  from  the  mito¬ 
chondria  such  ns  cytochrome  c  result  in  the  activation  of 
more  downstream  caspascs,  Once  activated,  these  ptotenises 
can  induce  nncleax  apoptotic  degeneration  vio.  DNA  frag¬ 
ment  ation  factor  and  acinus,  which  promote  endonuclease 
digestion  of  DNA  and  chromatin  condensatinn. 
respectively. Out  present  findings  for  the  involve¬ 
ment  of  the  Bcl-x  family  of  piotOjns  suggest  that  oateocytes 
also  may  select  a  mitochondrially  dependent  pathway  after 
microcrack  injury,  although  this  must  be  confirmed  with 
other  studies. 

Elevated  Bcl-2.  protein  in  osteooytc?  more  distant  from 
the  tnicrocracks  may  exert  a  protective  function  in  these 
ceils,  preventing  Lhem  from  entering  apoptosis.  This  may  be 
a  response  to  a  very  low  level  of  damage.  Others  have  found 


smning,  (C)  Modemic  Ir.crcaac  Of  Bci-2  expression  was  seen  la  osrea- 
cybxs  in  bone  TCgions  immcdffttdj  adjaeftrtt  to  microcrflcks  {*p  < 
0.001,  rclfifivc  to  centra  1  levels).  However,  in  hnne  regloni  more 
temorc  froin  fnlcrDCTiickSt  numbers  of  Bbl-2'^  oatcocytes  rirainaticiilly 
Increased  tn  mEich  p«Jik  values  ftt  t-2  mra  iiWAy  from  crack  locus. 
Numbers  nf  ontcocVlKS  gradualiy  decliriEd  ID  tSflch  control 

levels  at  3-4  mm  distant  from  microemcks,  Total  osiencytc  density 
WELS  740  ±  63  (rumber/mra^D 
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that  neuronal  cultures  exposed  to  subloxic  conccniratiotis  of 
B-amyloid  peptide  had  incrCQ.sed  anriouiit?  of  the  antiapop- 
totic  BcI'Xl  protein  and  messenger  RNA  (mRNA).  Cells 
dial  overexpressed  Bcl-x,^  had  increased  resistance  ID 
apoptosis-indvcitig  concentrations  of  the  p-amyloid  pcp- 
Up-regulatiDn  of  Bcl-2  and  increased  cell  suivival 
have  been  observed  in  tissues  with  a  high  rate  of  apoptosis 
after  gumming  In  the  myocardium,  apoptosis 

Qccurf  during  hypoxia  and  iscliemla-reperfusion  and  oE^urs 
most  notably  in  the  border  xone  afler  infarction,  “  In 
this  myocardial  mjuty,  Bcl-2  prevents  apOptotic  call 
in  vcniricular  myocyie^i  in  areas  of  acute  infarotion. 
Similar  ohservaiions  have  been  made  in  brain  ischemia 
models,  in  which  survivins  (noriapoptOlic)  neurons  express 
Bc1-2  in  areas  of  focal  brain  iscHeraia  in  rats,  -  “  Obser- 
varions  in  adult  os teo arthritic  human  cartilage  show  apopto¬ 
sis  of  some  chondrocytes  with  sidjacent  cells  showing  up- 
rcguladon  of  Bel These  findings  indicate  that  both 
acute  and  chronic  injuries,  which  cause  apoptotlC  C&H  death, 
also  induce  complementary  pathways  that  uetivgiy  protect 
cells  from  impending  death. 

Previous  studies  indicate  that  Bie  levels  nf  Bcb2  expression 
ir  ostcocytes  in  normal  a<lult  bone  are  However,  in 

human  fetal  ribs,  Stevens  ci  ai,  found  an  inverse  relationship 
between  osteocyte  apoptosis  and  the  distribution  of  Bcl'-2, 
ImplyiLig  a  potential  seleciivhy  in  ccl)  survival/^^^  Wang  et  ai. 
a] 50  suggested  that  expression  of  Bol-2  in  chondrocyifis  and 
□stcocytes  near  the  epiphyseal  growth  plate  proificts  tlicm  until 
their  final  maturation. Oiir  findings  that  Bcb2  expression  is 
strongly  positive  in  osteocytes  in  fatigued  bone,  espeaally  at 
some  distance  from  microdamage,  support  the  hypothesis  that 
ostfiocytes  may  use  a  similar  defense  mccharusm  of  cells  to 
escape  from  impendjug  death  induced  by  matrix  injury'.  Spe¬ 
cifically,  these  data  suggest  that  at  the  site  of  microinjury  in 
bone,  tliose  osteocytes  Chat  do  not  undergo  apoptosis  are  pre¬ 
vented  ffQjn  doing  so  by  active  protection  mechanisms.  More¬ 
over,  the  apQptotic  rcgior  around  microcracks  was  walled-in 
effectively  by  a  surrounding  halo  of  surviving  osteocylcs  ac¬ 
tively  exixessing  Bch2.  This  ruise^s  the  pcfisibiiity  Ui£it  target¬ 
ing  and  guidance  of  bone  resorption  to  sites  of  microdam^e 
may  be  carried  out  not  only  by  signals  from  apOptotic  ccll^ 
^te^lr  damage  sites,  but  also  by  signals  from  sunounding  cells 
expressing  apoptosis-inhibiting  gene  products. 

Induction  of  ostcocyte  apoptosis  after  fatigue  loading  is 
rapid,  with  elevation  of  Bax  by  24  h  after  loading.  However, 
although  Bax  expression  in  ostcocytes  decreased  by  10  days 
after  fatigue,  Verborgt  et  found  cltat  osteocyte  TUNBL 
staining  remained  elevated  even  at  lO  days  after  loading. 
The  similarities  in  early  Bax  expresaion  and  TUNEL  stain¬ 
ing  indicate  that  induction  of  ostcocyte  apoptosis  after  fa¬ 
tigue  is  an  early  event,  71:3 e  continuctl  long-term  elevation  of 
TTJNEL  .'Jtaimng  may  suggest  that  the  ordered  cell  disas¬ 
sembly  process  In  vivo  is  prolracted  and  sustained.  More¬ 
over,  TUNEL'T  that  iS:  apoptOtic.  debris  left  in  empty 
lacunae  by  osieocyte  dying  over  time  also  likely  contiibuces 
re  1:ha  sustained  high  TUNEL  signal  observed  in  bone;  this 
debris  may  play  an  important  role  in  the  guidance  of  oste- 
oulflstic  mnnding  within  the  bone, 

Osccocyte  apoptosis  has  been  suggested  to  play  an  im- 
pottani  role  m  targeting  bone  rctnodcUng  processes  in  re¬ 


sponse  to  a  t^umbe^r  of  stimuli Ostcocyte  apoptosis 
has  been  shown  in  association  with  high  bone  turn  over 
processes^  after  hormonal  deprivation^’  ^  £i.hd  in  associ¬ 
ation  with  glucocorticoid-induced  osteonecrosis  Of  the  fem^ 
oml  head  in  humans  md  Previously,  we  have 

shown  that  osicocyte  apOptosis  occurs  in  associaiion  with 
areas  of  microdamaged  bone  and  later  on,  these  identical 
areas  are  die  location  of  osteoclastic  rerorptiori/  ^  Out  cur¬ 
rent  studies  show  complcmeTitary  pathways  in  the  regula- 
tiort  of  osteoevtc  apoptosis  after  fatigue  by  the  proto¬ 
oncogene  products  Bax  and  Bcl-2.  By  actively  expressing 
Bcl-2.  osteocytes  can  escape  from  cell  death  in  bone  near 
foci  with  microdamage  and  associated  ostcocyte  apoptosis. 
Moreov'cr,  our  data  suggest  that  apoptosis  protection  in 
osteocytes  could  p.l.ay  a  complLmentary  rok  in  directing  the 
local  osteoclastic  activity  that  occurs  m  association  with 
microdamage  and  osieocytc  apoptosis.  TTius*  there  a]3pcar  to 
be  throe  functional  classes  Of  osteocytes  in  mechanically 
challenged  boue^^^:  dying  or  dead  ostcocytes.^^  osteocytes 
affected  by  the  injury  but  actively  protected  from  death  by 
Bcl-2  express]  on and  unaffected  osteocytes.  The  actions 
of  each  of  these  cells  to  trigger  and  guide  bone  resorption 
entrentiy  are  unknown,  but  these  data  suggest  a  complex 
ostcocyte  control  sysi:em  for  activation  and  targeting  of 
ostccsClastic  activity  in  bone. 
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Relationship  Between  Bone  Morphology  and  Bone  Quality  in  Male 
Tibias:  Implications  for  Stress  Fracture  Risk 

Stevcb  M  Philip  Na^iser,^  Mitchell  B  .SchLffler,^  and  KarU  Jepsen^ 


ABSTRACT*  Eiotnechanicfll  properties  were  assessed  from  the  tibias  of  17  adult  males  17-46  years  of  age. 
Tissue-level  mechanical  properties  varied  ^th  bone  si7e.  Narrower  tibias  were  comprised  of  tissue  tliat  was 
more  brittle  aud  more  prom  to  accumulating  damage  compared  with  tls*!Sfae  ftom  w^der  tlbms- 

Introductton:  A  better  urLderstaxjdmg  of  thE  factors  contributing  to  stress  fractures  is  needed  to  identify  new 
prevention  strategies  that  will  reduce  fracture  inddeTicc.  Having  a  ncirrow  (i,e.,  more  slender)  tibia  relative  to 
body  has  been  shown  to  be  a  major  piedicior  of  stress  fracture  risk  and  fragilify  in  male  military  recruits 
and  male  alMetes-  The  intngumg  possibility  that  slender  bones,  like  those  sbown  io  aniraal  models,  may  be 
composed  of  more  damageable  material  has  not  been  considered  in  the  human  skeleton- 
Materials  and  Methods:  Polar  moment  of  inerda,  section  modulus,  and  antero-posteri.or  (AP)  and  mcchal- 
lateral  (ML)  widths  were  determined  for  tibial  diaphyses  from  17  male  donors  17-46  years  of  age, 
deruess  index  was  defined  as  the  inverse  ratio  of  the  section  modulus  to  tibia  length  and  body  weight.  Ei£  it 
prismatic  cortical  bone  samples  were  generated  from  each  tibia,  and  dssue-levcl  mechanical  properties  m- 
dudng  modulus,  strength,  total  energy,  postyield  strain,  and  tissue  damageability  were  measured  by  four- 
point  bending  from  monotonic  (n  =  4/tihia)  and  damage  accumulation  (ft  -  4/tibia)  test  methods.  Partial 
correlation  coefficients  were  determined  between  each  geometrical  parameter  and  each  tissue-level  mechani¬ 
cal  property  while  taking  age  into  considerauoiir  -  i  u 

Results:  Significant  correlations  w^ie  obsen-'^cd  between  tibial  morpliology  and  the  mech.anical  properties  that 
characterized  tissue  brimeness  and  damageability.  Positive  correbtions  were  observed  between  measitre^  of 
bone  size  (AP  width)  and  measures  of  tissue  ductility  (postyicld  strain,  total  energy),  and  negative  correlations 
were  observed  between  bone  size  (moment  of  inertia,  section  modulus)  and  tissue  modulus. 

Conclusions:  The  coirdatiorv  analysis  suggested  that  bone  morphology  could  be  used  as  a  predictor  of  tissue 
fragility  and  stress  fracture  risk.  The  a  verage  mechanical  properties  of  cortical  tissue  varied  as  a  function  of  the 
overall  size  of  the  bone.  Therefore,  under  extreme  loading  conditions  (c.g.,  military  training),  variFitiqu  m  bone 
quality  parameters  related  to  damageability  may  be  a  contnbuting  factor  to  the  increased  risk  of  stress  fracture 
tor  individuals  ^vith  more  slender  bones- 

J  Bnne  Miner  Res  2005;20:1372-1380.  PilbUshed  online  on  March  2S,  2005;  doi:  10.13594JBMR.050326 
Key  words:  bone  biomechanics,  stress  fracture,  bone  quality,  bone  morphology,  strength,  damage,  brittleness 


INTRODUCTION 

Stress  raAcruRES  are  overuse  injuries  ol:  bone  that  are 
eOmmon  ainong  elite  runners  and  military 
Before  injury,  affected  bones  arc  lypically  normal  whh  no 
acute  injury.  Morbidity  from  stress  fractviros  ranges  from 
minor  pain  to  serious  lifetime  disability  for  the  individual.^"^^ 
Stress  fractures  have  been  reported  m  the  ribs,  hip,  ^plne, 
and  metatarsals,^^"'^^  but  vigorous  weight -bearing  activities, 
such  as  running  and  jogging,  commonly  lead  to  stress  frac¬ 
tures  of  the  lower  extiemiilea,  ospedaUy  the  tibia. During 
basic  training,  l*-5%  of  U.S.  male  military  recruits  susiain  a 


The  authors  have  nn  conflict  of  intense 


stress  fracture.^^  However,  this  incidence  is  two  to  five 
limes  higher  in  female  recruitS-^^^  Stress  fractures  lead  to 
loss  of  manpower,  valuable  loss  of  training  time,  expense  of 
Tuedical  care,  and  discharge  of  affected  soldicr&.<^>  A  bottet 
understanding  of  the  factors  contributmg  to  stress  fractures 
is  ncctled  to  identify  new  prevention  strategies  that  will 
reduce  fracture  inddencE, 

A  number  of  risk  factors  for  stress  fracture  have  been 
idcnljfied  including  physical  htness,  external  hip  rotalicm, 
body  height  and  weight,  age^  race,  gender,  muscle  mass, 
raotivation,  footwear,  smoking,  and  family  history  of  o^too- 
One  of  the  best  predictors  of  stress  fracture 
risk,  is  bone  geometry.  SpedficallVt  having  a  narrow  (i.e., 
more  slender)  tibia  rd&tive  to  body  mass  has  bften  sticfwn  lo 
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be  a  major  predictor  of  stre&^^  fracture  risk  and  fragility  in 
male  military  remits*' a^d  male  athletes/^ A  stress 
fracture  is  tliought  to  be  a  consequence  of  tian^icndy  re¬ 
duced  tissue  strength  arising  From  ijicreased  resorptive  ac¬ 
tivity  (i.c.,  increased  porosity)  tliat  to  repaid  damage 
induced  by  vigorous  physiciil  activity/^  Tlins,  stress  frac¬ 
tures  may  be  pronounced  in  itidividniils  with  fiioxf^  Slender 
bones  because  smaller  bone  si^e  is  thought  to  lead  to  higlier 
tissuc’l.cvel  stresses  and  thus  increased  damage  accumula- 
However,  this  postulate  is  on  the  assumption 
that  an  bones  are  constructed  in  equivalent  manners,  and 
the  contribution  o£  variable  tissue-level  mechanical  proper¬ 
ties  to  stress  fracture  jiicidence  h^s  not  bccc  eKplored, 

An  examination  of  inbred  mouse  strains  may  help  ex¬ 
plain  why  bone  si;!e  is  a  risk  factor  for  stress  fractures  in  the 
humim  skeleton,  A  comparii^cn  of  adult  A/J  imd  C57BL/6^T 
inbred  mouse  siraifiis  revealed  thut  the  bor'o  slendemcss 
was  inversely  related  to  mineral  content  (aS  measured  by 
ash  content)  and,  by  correlation,  tissue  modulus  and 
strength.^^'*^  Mineral  content  has  been  gbowm  to  be  posi^ 
tively  correlated  with  tissue  stiffness  and  ^trength/^^^  Tliese 
results  suggested  that  bone  morphology  and  mineral  con¬ 
tent  were  coordinatcly  regulated  so  whole  bouc  Stiffness 
appropriately  matched  the  mechanical  demands  imposed 
by  weight  bearing.  However,  the  downside  of  regulating 
mineral  content  to  match  bone  slr^a  was  thst  mineral  con¬ 
tent  was  also  negatively  correlated  with  tissue  duciil- 
j^y  postulate  that  a  similar  reciprocal  rdatiouship 

between  bone  size  and  bona  quality  exists  in  the  human 
skeleton.  The  intriguing  possibility  that  slender  bones,  like 
those  showT^  in  anim^il  models,  may  be  composed  of  nnore 
damageable  materia.!  has  not  yet  been,  considered  m  the 
human  skeleton. 

The  goal  of  this  study  was  to  determine  whether  tissue- 
level  mechanical  piopcrties  vary  with  bone  size  in  the  humau 
skeleton.  This  was  tested  by  assessing  the  biomechanical 
properties  of  tibias  from  young  adult  males.  Undcrsiand" 
ing  why  bono  morphology  is  a  risk  factor  for  strc$s  frac¬ 
tures  should  lead  to  better  identification  of  those  at  risk 
and^  ultimately,  to  e^iriy  diapiosis,  treatment,  and  modifi¬ 
cation  of  training  regimens, 

MATERIALS  AND  METHODS 

Sampk  population 

Tlbias  of  17  male  donors  (IS  white,  1  Hispanic,  1  black) 
32,9  ±  10.4  yeani  of  age  (range,  17-46  years)  were  acquired 
from  the  Musculoskeletal  Transpl^tnt  Foundation  (Edison, 
Nh  USA).  Donor  body  weight  and  height  were  obtained 
from  the  source.  Only  donors  with  no  known  skeletal  pa¬ 
thology  were  included  in  the  study.  The  tlbias  were  freshly 
harvested,  wrapped  in  wet  gauze,  and  stored  in  plastic  bags 
sii  -40“C. 

Whole  bone  morphology 

Tibia  length  (L)  was  measured  as  the  average  distance 
between  the  distal  articular  center  (the  middle  of  the  talar 
trochlear  facet)  and  the  two  proximal  articular  center!  (me¬ 
dial  and  lateral  coiidylcs)^^'^^  using  a  Large-capadty  slide 
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Strength  Damaga 
Tests  Tests 


FlC,  L  Schematic  of  how  whole  were  sectioned  to  pro^ 
duce  Tbs  3-mTT3-thiclc  sections  tised  for  cross-sectional  morphology 
and  cortic^il  bone  Sam  pics  for  biotnechaiiical  testing  from  three 
diaphyEcal  cylindrical  sections  (monotonic,  n  =  4^ tibia;  datiiiiEe 
amunuljtion,  n  =  d^cibia). 


caliper  with  an  accuracy  of  S;2.54  mm  (Mantex  Precision; 
Hagl^f,  Madison,  MS,  USA),  Tibia  width  was  measured  in 
the  ante rc -posterior  (AP)  and  mcdial-lafers.l  (ML)  dircc- 
tiecs  at  10%  intervals  fram  30-70%  of  the  total  tibia  length 
using  a  300-mm  vernier  caliper  wdth  an  accuracy  of  ±0,02 
mm  (Fowler  Company,  Newton,  MA,  USA), 

Cross -section  flJ  morphology  was  deter  mined  from  3-mm- 
thick  mid  diaphyseal  cross-sections  cut  at  30%,  50%,  and 
70%  of  the  total  dbi^i  length  (Fig.  1)  using  a  diamond 
coated  metal] urgtcai  saw  (Model  660;  South  Bay  Technol¬ 
ogy,  Sar  Clemente,  CA,  USA).  A  calibrated  image  of  each 
cross- section  was  obtained  using  a  digital  camera  at  a  0.024 
mm/pixol  resolution.  Image  analysis  software  (IMAQ  Vi¬ 
sion  Builder  6.0;  National  InstrumeniSi  Austin,  TX^  USA) 
was  used  to  threshold  each  image  and  quantify  cortical  arc.i 
(QAr),  the  moments  Of  inertia  about  the  AP  (7^?) 

C^MT-)  moment  of  Inertia  (J  -  I W)^ 

and  the  section  mod  ulus  in  the  AP  (J/APwidth/2)  and  ML 
(J/MLwidi:li/2)  direction s.  Moment  of  inCTtia  and  section 
modulus  were  assessed  because  these  geometric  measures 
are  related  to  the  bending  and  torsional  stiffness  of  intact 
tibias.  A  stendemesE  index  (S)  was  calculated  in  the  AP  and 
ML  directions  as  the  ratio  of  ihe  AP  and  ML  section  modu¬ 
lus  values,  respectively,  to  tibia  length  and  body  wdght^^^^: 

S  -  l/l(J/(width/2)]/{L  ^  BW)]  (1) 

where  L  tibia  lengih  (mm)  and  BW  =  body  weight  (kg) 
The  section  modulus  has  been  shown  to  scale  lineady  with 
body  mass/^'^^  The  inverse  ratio  was  used  so  that  a  tibia 
with  a  large  ^Ififiderness  value  is  one  that  is  thinner  or  gmc- 
ilc  for  the  weight  and  height  of  ti.n  individual.  A  small  glen- 
derness  value  reflects  a  stocky  or  robust  tibia.  All  morpho¬ 
logical  trails  were  averaged  over  the  three  cross-section?  for 
each  tibia. 

Bdihc  sample  generation 

Carticfil  be  TIC  ^mples  were  prepared  from  the  diaphysis 
of  each  tibia  for  biomechanical  testing  (Fig.  1).  The  three 
diaphyseal  cylindrical  sections  were  rough-cut  into  antcro- 
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FTG-  2.  (A)  Schematic  of  itic  four-point  bendinj^  device  shows 

how  COrEiCfil  bode  samples  tested.  The  Span  botwcetl  the 
Upper  cor]tacc  points  is  2a  =  IS  mm,  and  the  span  between  the 
lower  contact  points  is  2L  =  42  mm,  (B)  Typical  jitreM-strflin 
from  the  four -point  bending  mo  notonic  tests  shows  how 
modulus,  strength,  postyield  RtTniti,  and  total  encT^  were  calcu¬ 
lated . 

latoriLl,  antcro-medial.  and  pt?5torior  regioti,v  Frojn  each  of 
those  regions,  one  to  three  prismatic  beams  were  cut  using 
a  diamond-coated  mCiallurgical  saw  (Isomet;  Buehler, 
Lake  Bluff,  IL,  USA),  The  beams  were  machined  to  regular 
test  samples  using  an  automated  CNC  milling  machine  un¬ 
der  constant  trrigatlon  (Model*  MDX-20;  Roland  DGA» 
Irvine,  CA,  USA),  Sample  width  (drcumferentisi.l  direc¬ 
tion)  was  machined  to  S  min  and  length  (longitudi-nai  dL- 
recti  cm)  was  iTiachincd  to  55  mm  for  aU  mmples.  Sample 
height  (radial  direction)  was  2.5  mm  except  for  four  tibias 
with  thin  coji.ices,  which  were  Tuachmed  to  2,2  mm.  A  tola] 
of  eight  samples  were  generated  from  each  tibia  and  ran¬ 
domly  distributed  to  motiotonic  —  4)  and  damage  accu- 
mulatton  {n  -  4)  test  groups.  All  samples  wore  stored  at 
tn  gauste  saturated  with  PBS  with  added  galGium^^**^ 
and  placed  Individually  in  airtight  bags. 

Monotonic  failure  properties 

Tiasue-levol  inechanted  properties  were  assessed  by 
loading  four  cortical  bone  samples  from  each  tibia  to  failure 
in  four-point  bending  at  0,05  mm/s  {Fig.  3  A)  using  a  servo- 
hydraulic  materials  testing  system  (Instron  model  RE72;  In- 
stjon.  Canton,  MA,  USA),  Specimens  were  submerged  in  a 
PBS  solution  with  added  calcium*!’*^^  and  maintained  at 
37“ C  throughout  all  tests.  Load  and  deflection  wera  con^ 
verted,  to  streas  and  strain  using  tJie  following  equations, 
which  mice  yielding  into  considcratioTi^'^^: 


fT  =  2[2M  4^  <|)(dMM*)]/bh^  (2) 

-  h<h/2a  =  >/ihA[(L  -a)/(2a*'/3  -  L^/3)]  (3) 

where  o  and  e  are  the  stress  ^tkI  strain  at  the  outer  surface 
oF  the  beam,  M  =  applied  moment,  b  -  !>pedTncn  width,  b 
=  specimen  height,  a  -  Vi  the  span  between  the  upper  two 
load  points  =  9  mm,  L  =  the  span  between  tire  two 
lower  load  points  =  21  ^  angle  of  inclmation  =  a/p. 

and  d/d<b  is  the  derivative  wiiJr  respect  to  The  angle  of 
inclination  was  written  in  terms  of  the  measured  deflec¬ 
tion  (A)  by  estimating  the  airv^ture  (p)  tjsittg  standard 
boam  equations.  Mechanical  properties  were  calculated 
from  the  stress-? train  curves,  and  these  included  modulus, 
strength,  total  cj)ergy,and  pcnyield  strain  (Fig,  2B).  Mc^u- 
lus  was  calculated  from  a  linear  regression  of  the  initial 
portion  of  the  stress -strain  curve.  Yield  was  detCrtvilned 
using  the  0.2%  offset  method.  Postyicld  strain  wa&  defined 
as  the  strain  at;  Failure  minus  Lie  strain  at  yield.  AU  prop¬ 
erties  were  averaged  over  the  four  samples  tested  for  each 
tibia. 

Damage  accumulation 

Tissue  damageability  was  assessed  using  a  protocol  de¬ 
signed  to  induce  and  accumulate  craclcs  m  cortical  bone 
specimens.  The  accumulation  of  damage  leads  to  measur¬ 
able  degradation  of  mechanical  properties.^^^  Tliereforc. 
the  degradatioTi  of  mechanical  properties  can  be  used  as  etn 
index  of  matrix  damage.  Four  cortical  bone  samples  from 
each  tibia  were  subjected  to  a  fifteen  cycle  damage  accu¬ 
mulation  protocol  (Fig.  3A)  similar  to  tliat  dc^^bed  pre- 
vtousiy.^^^  For  this  protocol,  agnostic''  cycles  (1*  3.  5,  7, 
9, 11, 13.  and  15)  were  interposed  between  ‘'damage'*  cycles 
(2,  4,  6,  R,  10,  12.  and  14).  For  the  diagnostic  cycles,  the 
Spedracu?  were  loaded  in.  four-point  bending  at  0.5  mm/s  to 
50%  of  the  average  displacement  at  yield  (dctemiined  from 
the  mono  tonic  tests )»  held  for  60  s,  and  unloaded  at  Cl-5 
mm/s.  Preliminary  studies  indicated  that  thia  load  level  pro¬ 
vided  information  on  cissue-lovei  mechanical  proper bes 
without  inducing  additional  damage.  For  the  damage 
cycles,  tb^i  specimens  were  loaded  at  0.5  min/s  to  50%  ,  75 
100%,  1,25%,  150%,  175%,  and  200%  of  displacement  at 
yield,  respect ivelyn  held  for  60  s,  and  unloaded  at  0.5  mm/s. 
A  5-minuce  recovery  period  followed  each  damage  cycle. 
Displacement  at  yield  used  as  a  reference  fn  the  dam¬ 
age  cycles  because  this  para.meter  showed  litlSc  variacion 
among  the  test  samples  when  subjected  to  monotemic  four- 
point  bending.  The  displacement  at  yield  was  TO  mm  for 
the  samples  with  a  height  of  2.5  mm  and  1.07  mm  for  the 
samples  with  a  height  of  2.2  mm. 

A  mechanical  measure  of  the  amouni  of  damage  that 
accumulated  within  the  tjesi  sample  was  quantified  from  the 
magnitude  of  stiffness  degradation.  For  each  diagnostic 
cyde,  stiffness  was  calculated  from  a  linear  TUgr&ssion  of  the 
initial  portion  of  the  load-deformatton  curve.  Specimen 
stiffness  decreased  r.onutilformiy  with  each  cycle  revealing 
incfeasing  amounts  of  damage  induced  within  each  cycle 
and  an  overall  damage  afxutnujation  by  the  end  cF  the  pro¬ 
tocol  (Fig.  3 B).  At  the  end  of  the  tosi  sequence,  the  overall 
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FIG,  X  (A)  A 15 -cycle  loa<I in 5 protocol  was  used  to  induce  dam¬ 
age  withb  machined  oorticcLl  bone  specimens  and  measure  re- 
suliani;  sti^ness  dEgradfttion,  Daraoigc  was  induced  durmg  cycles 
2,  4,  6. 9,  tOJ2,  add  by  cODCbeting  relaxatbrt  tests  at  irtCfeasmp 
levels  [>f  applied  di^^lacefficnt  (expressed  At  a  percentage  nf  the 
displacement  at  yield).  Diasnostb  cycles  wore  interpoHcd  between 
damaging  cycles.  E^ich  damage  cycle  was  preceded  by  a  d Agnostic 
cycle  at  50%  of  dispiaccmcivt  at  yield.  A  5-Tninute  tccovcry  period 
was  introduced  after  the  damage  cycles  to  relieve  residual  internal 
stresses.  (B)  The  change  in  5Cifftics5  calculated  between  sequential 
diognostic  tJ^sL^  was  plotted  vs.  cycle  number  for  the  damage  tests. 
The  dashed  curve  rcpresciits  a  specimen  showing  little  stiffness 
dcpradadcin  (U,.  little  damage  accumulation).  The  ^Ud  Iba  rep- 
resent'?  a  specimen  showing  large  stiffness  degradation  (irC.,  mote 

damage  accumulatioTi). 


damage  parameter,  D,  was  calculated  by  compsirinj^  the 
siiffjicas  of  the  ftrst  ard  last  dbgnostic  tc9ts  such  that: 

0  —  I  —  (d) 

where  5,s  is  the  stiffness  of  the  last  diagxio?tic  cyde  and 
is  the  average  stiffness  o(  the  first  two  diagnostic  cycles  {S^ , 
S^)  and  the  first  damage  cycle 

Statistical  analysis 

All  data  were  recessed  against  age  using  linear  icgres- 
sion  analysis  to  identify  the  properties  that  varied  signifi¬ 
cantly  with  age  (GraphPad  Prism,  Sa.ti  Diego,  CA,  USA)- 
To  deiEcnine  whether  bone  morphology  was  related  to  ih- 
sue  level  material  properties,  partial  correlation  coefficients 
were  determined  between  each  geometrical  parameter 
S  ^  fwL;  h  S)  and  e<ich  tissue  levd  mcchamcal  prop¬ 
erty  (modulus,  strength,  total  energy,  postyield  strain,  dam- 
ageabiUty)  while  taking  age  into  conaideration  (Minilab. 
State  College,  PA, 

RESULTS 

The  sample  papulation  showed  bfoad  rangc.s  of  body 
^l^e,  body  stamre.  and  bone  morphology  values  (Table  T). 
Modulus  and  strength  showed  little  variation  among  indi¬ 
viduals  (CV  =  9,73%  and  4.fi2%,  respectively).  T-lowevcr, 


Property 

Mc(3n  ±  SD 

Range 

A^c  (years) 

32.9  ±  10.4 

1,7~4G 

Body  weight  (kg) 

8j,e  ft  25.1 

57.2-15aS 

Body  height  (cm) 

177,7  ±4.3 

170,2-1^2.9 

Body  mass  index  (kg/m^) 

25.7  ±  8.0 

17,1-,51.7 

Tibia  length  (cm) 

36.1^  1.9 

34.4^4 

Conical  area  Cmm*) 

355.P  1 55.2 

2j6S,3-5n.l 

AP  Tvitith  (mm) 

31.2  ±2.5 

26,4-36,9 

ML  width  (mm) 

24,3  23 

19-9-30,6 

AT  moment,  of  inertia  (mm'^) 

34.3901 10.149 

19,466-60.695 

ML  momecft  of  inertia  (mm*) 

17.250  ±5,945 

S.24S-34.734 

Polar  mornciit  of  inertia  (miti'*) 

51,640  ±15, 936 

27.713-95,432 

AP  section  modulus  (mm^l 

3,279  y=  H19 

1 ,925-5,172 

ML  Bcchon  modulus  (mm^) 

d,1SS±907 

2,7S5-<i,Z37 

AF  detiderncEis  (1/mm^/kg) 

9.9  ±  2.0 

6.5-13.4 

ML  slenderness  (1/mm^/kg) 

7.7  3;].^ 

5-4-10.2 

Modulus  (OPa) 

17.0  ±1.7 

13,4-19.0 

StrcTi^h  (MPa) 

130.7  ±6,1 

120.8-144.5 

Total  energy  (MPa) 

3.3  ±  0.9 

2.3-5.6 

Post-yield  strain 

0.026?;  0.006 

0.016-0,039 

Damage  parameter  (D) 

0.1fiS±0,03S 

0.103-0,2.53 

/\P,  iiiUcro--pORi.£rJar  direiJiftn;  ML,  mccfiftMitcrfll  ditECliori. 


postyield  ?itrain  {CV  =  24.0%) ^  total  energy  (CV  = 
26.4%).  and  the  damage  parameter  {CV  =  23.0%)  all 
stiowed  large  variabiltty  among  the  samples.  Morphological 
measures  such  as  A?  width,  section  modulus,  and  the  polar 
moment  of  inertia,  J  (Fig.  4),  increased  linearly  with  body 
weight  (J?^  =  0-59,  p  <  0.003)  and  body  mass  index  (BMT; 

=  0.57,  p  <  0.004),  but  were  independent  cff  body  height 
(jR^  =  0.01,  p  <  0.7).  These  relationships  did  not  change 
when  the  body  weight  values  were  oorrecte<l  for  age  (data 
not  shown).  Body  height  was  uucort elated  with  body 
weight  (RF  =  0.01,  p  <  O  S),  mdkaling  that  the  sample 
population  conslst&d  of  individuals  with  simibir  heights  but 
widely  varying  body  weights. 

Significant  cige-relatcd  changes  were  observed  for  tlie  tis¬ 
sue-!  eve  J  mechanical  prOpfirties  and  the  size  of  the  tibia.  A 
significant,  positive  correlation  was  observed  hetween  tibia 
slenderness  in  the  AP  (^?^  =  0,31,  p  <  0.02)  and  ML  {R^  = 
0,24,  p  <  0.05)  directions  and  age,  Tdowever, 

J  did  not  vary  with  age,  suggesting  that  the  variation  in 
sl^^nderness  with  age  was  due  largely  to  Higher  body  weight 
and  BMl  {R"  =  0.2M.32,  p  <  0.03)  values  for  the  older 
individuals.  Although  tissue  modulus  did  not  vary  signiti- 
cantly  with  age,  tissue  strength  (R^  =  0.53,  p  <  0.001),  post- 
yield  strain  =  0.44,  p  <  0.004),  and  total  energy  {R^  = 
0.32,  p  <  O.obz)  were  significantly  lower  for  the  older  indi¬ 
viduals.  Furthermore,  ft  significant,  negative  ecTreiatiau  was 
observed  between  the  damage  parameter  and  age  - 
0.41,  p  <  0.00(5).  Tbi?  data  suggested  chat,  whereas  the  tibia 
became  more  slender  relative  to  body  size  with  the 
cortical  tissue  became  pro^essively  less  strong  and  less 
ductile  (i.e.,  more  brittle)  with  age. 

The  condation  analysis  showed  significant  correlations 
betwiien  tibial  morphology  and  the  mechanic^il  propertio^v 
that  oharactori/ced  tissue  brittleness  and  damageability 
(TablCi  2).  The  relationship?  among  tissue-level  Tnechanical 
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A. 


B. 


C. 


FIG.  i.  The  average  cross-scctloiiftl  pcikr  moment  of  inertiji  of 
Ihc  i\hm  from  males  increased  with  (A)  body  weight  tiJtd  (B)  body 
mass  index  but  not  with  (C)  body  heigliL  Removing  the  outlier 
changed  the  values  to  0.24  {p  <  n.05)  for  A  and  0.20  {p  <  0.09) 
for  B. 


propertiefl  and  orosa-aectional  morphology'  were  linear.  Post- 
yield  strain  and  total  energy  mcrcased  significantly  with 
AP  width  (Figs.  5 A  and  5B).  Modulus  decreased  with  /^p 
(p  c  0.07),  J{p<  0.00),  .^P  section  modulus  0  <  0.05),  and 
Ml-  section  modulus  {Figs.  5C-5F).  Tissue  damageability 
increased  with  irbia  slenderness  in  the  AP  (p  <  0.05;  Fig,  <^) 
and  ML  (p  <  0.09)  diteettons.  These  correlations,  which 
were  independent  of  age^  indicated  thnt  a  narrower  bone 


was  comprised  of  tissue  that  failed  in  a  more  brittle  man¬ 
ner  and  accumulated  more  damage, 

DISCUSSION 

The  results  of  this  study  revealed  that  the  tiia:ue-level 
mechanical  properties  Of  cortical  bone  varied  with  the  size 
of  the  tibia.  Positive  correlations  observed  between 
measures  of  hone  size  ( AP  width)  and  measures  of  tissue 
ductility  (poslyield  strain,  total  energy^),  and  negative  cor¬ 
relations  were  observed  betvuee.n  bona  size  (moment  of  in- 
enia^  section  modulo?;)  and  tissue  modulus.  Many  of  these 
correlations  were  significant.  The  lack  of  significant  corre^ 
ktion  with  all  measures  of  bone  size  can  be  altribiitod 
largely  to  the  compScK  shape  of  the  tibia.  The  tibia  Im  a 
triangular  cress-section  and.  consequently,  measures  of 
widtii  correlated  significantly  with  mechanically  relevant 
traits  like  conical  aroa  and  moment  of  inertia  but  explained 
only  50-30%  of  the  variability  In  these  inca-^ures  (data  not 
shown).  These  corralaiions  would  be  greater  if  the  oross- 
seclion  had  a  circular  shape.  The  variability  in  these  corre¬ 
lations  was  suffidcntly  large  that  neither  the  linear  (width) 
traits  nor  the  integrated  traits  lifce  area  and  moment  of 
inertia  correlated  significantly  with  a  particular  rissue-kvel 
mechanical  property  simultaneously.  Nevertheless,  the  data 
indicated  that  bones  with  siualkT  width  were  comprised  of 
stiffer  and  less  ductile  (i.e.^  more  brittle)  material  compared 
witli  larger,  more  robust  bones.  The  coLTelarion  between 
tissue  duciility  and  bone  size  may  help  explain  why  mule 
military  and  male  athletes^^^^  wldi  narrow 

bones  show  a  higher  incidence  of  stress  fractures  comp.^red 
witli  individuals  with  wide  bones. 

The  development  of  the  slenderness  ludex^^'^  was  for  a 
"riarm.al”  range  In  height  and  weiglit  and  is  probably  not 
useful,  beyond  thk  range.  Hevyever,  the  morphological 
variatiori  observed  in  our  sample  populatton  was  consistent 
with  that  reported  for  military  rcerulta^^’^^  and  runners/^^^ 
and  height  and  weight  were  consktont  with  reccm  national 
averages, As  expected,  bone  size  varied  with  body 
weight/^ but  did  not  vary  with  height  (Fig  Thus* 

narrow  bones  came  from  less  heavy  individuals  who  were  of 
similar  height  those  with  wide  tibia s.  Weight  varied  more 
than  lieight  for  our  sample  population  similar  to  that  ob¬ 
served  for  the  aged-matched  national  data.  Furthermore, 
the  variability  in  weight,  specifically  Inclusion  of  one  outlier 
(Fig.  4),  did  nol:  affect  the  results  (i.c.,  the  heaviest  person 
did  not  have  an  unusual  slenderness  value).  Thus,  the  bones 
used  in  this  study  seem  to  be  an  appropriate  size  relative  to 
body  type. 

The  variation  In  long  bone  slenderness  has  been,  attrib¬ 
uted  to  generic  and  environmental  factors  influencing 
growth  and  dcvelopmcnt^'^^  and  has  been  implicated  as  a 
risk  factor  for  osteoporotic  fracture To  be  relevant  for 
military  iccrutls,  the  sample  population  should  have  ranged 
if]  age  between  13  and  25  years.  How'over,  for  the  age  range 
in  this  study,  the  tissue-level  mechRUical  properties  varied 
linearly  with  age  and  were  easily  corrected  using  a  linear 
regrcfision  rriEthod.^^^  Consequently,  the  correlation  analy¬ 
sis  pre^emed  here  provides  relevant  insight:  into  the  rela¬ 
tionship  observed  between  bone  size  and  atress  fracture  risk 
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2.  Parti Ai-  Correlation  Coefficit^mts  Taking  aqe  Into  Consideration _ 

Strength  Toml  energy  _ strain _ Bov^o^<^arjmy 


Co^^dcal  Cl  res 
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(0,90) 

ML  width 

-0,32 
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(0,20 
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AP  moment  of  inertia 

^.45 

-0,10 

(0.07) 

(0.70) 

ML  moment  of  inertia 

-0.39 

-0.16 

(0.12) 

(0.50) 

Polar  moment  of  inertia 

-0-43 

-0.13 

(0.OS) 

(0.61) 

AF  Bcctior  modulus 

-O.SO 

-0.13 

f0,04) 

(0.G2) 

ML  section  mod nlns 

-0,47 

-0.05 

(Q,06) 

(0.04) 

Ap  slendcmcas 

0.j6 

0,1. f] 

(0.15) 

(0.69) 

ML  sScndcTcess 

0.23 

-0.01 

(0.39) 

(0.96) 

Penrson  corTcbtion  oocfficier'l'i  ^TC  stio'vn  with  p  v^liias  tn  piTCnllie^M. 
Ttiblc  1, 

fOT*  young  aclult  males.  Further  studies  arc  needed  to  dcter- 
TTiine  if  this  relationship  holds  over  a  wider  (older)  age 
range, 

The  data  provide  a  new  paradigm  that  may  explain  bow 
variation  in  bone  sl&ndemcss  contributes  to  stress  fractuire 
risk.  Individuals  with  narrow  tibias  wxre  previously  thought 
to  show  increased  fatigue  damage  during  intense  training 
because  the  smallfit  bone  Size  would  lead  to  an  overload 
situation  (i.e,,  higher  tissue  level  stresses),  This  inter¬ 
pretation  was  based  on  the  assumption  that  tissue  mechani¬ 
cal  properties  did  not  vary  among  individuals.  However,  the 
current  results  indicated  that  ttssue-levd  mechanical  prop¬ 
erties  do  vary  Eunong  individuals.  Specifically^  the  data  sug¬ 
gest  that  there  arc  at  least  important  tissue-icvel  me- 
clianic^l  property  variations  that  need  to  be  considered  to 
understand  why  bone  size  is  a  risk  factor  for  stress  fracturcs- 
Nanower  tibias  were  comprised  of  tissue  that  was  more 
brittle  0^^  esrergy)  and  was  prone  to  accumulate 
more  damage  co-mparsd  with  tissue  from  wider  tibia.  Hav¬ 
ing  tissue  that  is  more  or  less  damageable  may  bo  inconse¬ 
quential  during  day-to-day  activities.  However*  tissue- level 
mechanical  propenies  tike  lota]  energy  and  ductility  be¬ 
come  particularly  important  in  defining  tJie  response  of 
bone  to  an  extrenio  loading  condition,  such  as  that  expected 
during  military  training  or  during  a  fall  Total  energy  de¬ 
fines  the  amount  of  energy  required  to  break  a  bone  (im- 
portapt  during  n  tall)  and  ductility  and  damageability  define 
the  FI  mount  of  damage  accumulated  under  overload  or  re¬ 
petitive  loading  {Important  during  military  training),  Fur- 
tjieimore,  tissue  stresses  would  be  expected  to  remain 
higher  for  narrow  tibias  loaded  in  bending  or  torsion.  Mo¬ 
ment  pF  inertia  is  related  to  the  external  djameter  raised  to 
the  fourth  power.  Because  whole  bone  stiffness  and 
strength  are  correlated  with  moment  of  inertia  a  bone 
with  a  large  external  diameter  should  also  show  large  over- 
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SignVlicnrt  corrclntitins  nne  .ihown  l\i  hnlcL  Abbreviaticns  are  is  show?  in 


all  stiffness  and  strength  values.  However,  the  -30%  varia^ 
tioP  in  tissue  modulus  (Tabic  1)  did  not  fully  compeni^te 
for  the  -100%  variation  in  the  moment  of  inertia  Or  the 
section  modulus  {Table  Tims,  in  situ  damage  accu¬ 
mulation  may  ehdt  a  bioiogical  response  (remodeling)  that, 
coupled  with  the  higher  tissue  stresses,  exacerbates  the  fa¬ 
tigue  Consequently,  individuals  with  narrow 

tibia  may  be  at  higher  risk  of  stress  fractures  because  of 
higher  in  vivo  tissue  stresses  (ovorioading)  coupled  with 
tissue  that  is  more  prone  to  accumulsti-ng  damage. 

The  data  may  also  help  explain  why  age  is  another  risk 
Factor  for  stress  Bone  strength,  postyield 

strain,  and  total  energy  decreased  over  the  17-  to  46-ycar-o(d 
age  range.  This  was  consistent  with  previous 
and  indicated  that  cortical  bone  becomes  less  ductile  (j.e., 
more  brittle)  and  weaker  with  age  and  that  these  changes 
began  early  in  Ufc.  This  age-related  declmc  in  strength  and 
ductility  thought  to  be  a  result  of  increased  mineralizit- 
don  and  remodeling. Thus,  even  in  the  young  adult 
age  range,  the  amount  of  damage  accumulated  under  vig¬ 
orous  loading  regimens  would  be  expected  to  increase  with 
age.  This  variation  in  tissue  ductility  may  increase  the  aus- 
ceptibility  of  stress  frficture  risk  for  recruits  that  enter  into 
military  training  at  an  older  age. 

These  results ^  and  those  of  others^  indicated  chat  not 
all  cortical  tissue  was  constructed  in  the  same  manner. 
The  mechanical  properties  of  cortical  tissue  vary  with 
ao-32.3.'s)  species,^^-^^  among  bones  of  the  same 

individual apd  among  anatomical  sites  witliln  the  .same 
Hero  we  showed  that  the  average  mechanlcaJ 
properties  of  cortical  tissue  also  varied  as  a  function  of  the 
overall  size  of  the  bone.  This  coupling  be  tween  bone  mor- 
phnlogy  and  tissue-level  mechanical  properties  has  been 
attribx*ted  to  an  adaptive  response  of  En  this 

study,  stnaller  tibia  hone  size  was  coupled  with  an  increase 


TOiVrMASiNl  ET  AT» 


1378 


0  00  i  I  - 1 - f  ■ - J  ’■  ^  OH —  I  I  I - 1  I  > 

25.0  i7.5  3C-0  3!lfi  M.D  37,5  40.fl  JS.O  37,5  JO.O  33.6  3B.0  3T.G  40.0 

A.P  WIDTH  [mno)  AP  WIDTH  (mmi 


MOMENT  OF  INERTIA,  J  [mm^] 


FIG^  5.  (A)  Postyield  strain  and  [B)  total 
energy  corre^i^T^l  witJi  AP  width.  Modulus 
cl£ creased  with  (C)  (D)  J,  (E)  AP  sec¬ 

tion  modulus,  and  {I^  ML  pectinn  moduiUP. 
Data  were  flge"Corrcctcd  based  on  a  lineftr 
regreppion  mothoef,^^ 


AP  SLENDERNESS  [l/mm^/kg] 

T’lG.  (h  Damageabiljty  correlated  witk  AP  slenderness  sugpost- 
ing  that  tibiEis  that  were  more  slender  rcladvt  to  body  siae  and 
stature  wore  comprtpe^d  of  tissue  that  accumulated  more  dama^, 
D-ita  were  age-ccirreoted  on  a  linear  regjepsion  methocl,'^^ 

in  tissue  modulus.  The  goal  of  tiiis  ad^ipiive  response  is  to 
ensure  that  morpholog}^  and  quality  togetlTsr  incec  Jne- 
chanical  demands.  This  coupling  was  observed  when  coth- 
paring  bones  subjected  to  widely  varying  mechanical  de- 
mandU  froin  different  species and  has  abo  been  used  to 
c^iplain  the  mamratioo  of  bone  during  growth/^^^^  Our 


current  results  suggested  that  this  coupling  might  fll$o  exist 
for  a  piLTticUlar  bone  (tibia)  within  the  s^ime  species  (hu- 
mau).  Additional  studies  are  needed  to  determine  if  similar 
relationships  betwesen  morphology  and  quality  exist  for 
other  long  boncii  (femur,  hntnerus,  radius). 

The  relationship  between  morphology  and  tissue-! eve  1 
mechanical  properties  observed  in  the  human  skeleton  was 
consistent  with  that  observed  foi  the  mouse  skektour^^^^  hi 
both  the  mouse  and  human  skeletons,  genetic  heterogene¬ 
ity  leads  to  variability  in  adult  bone  morphology  and  tisane 
level  mechanical  properties.  A  comparison  of  femurs  from 
Ayj  and  C57/BL6  (,B6)  inbred  strains  showed  that  A,^J  fe¬ 
murs  were  more  slender  than  ajs  a  result  of  the  two 
strains  haviixg  siiTii1a.r  bone  lengths,  but  A/J  having  a  sig¬ 
nificantly  ?5ma]ler  cro&s-fiectionai  site  and  shape/*  Despite 
the  difference  in  bone  size^  the  two  strains  showed  Rimilar 
whole  bone  stiffness  values.  The  variability  ir  bone  slen¬ 
derness  was  inverpcly  related  to  mi  tier  a!  content,  suggesting 
that  bone  morphology  and  mineral  content  were  coordi- 
nately  regulated  so  whole  bone  stiffness  appropriately 
matched  the  mechanical  demands  imposed  by  weight  bear¬ 
ings  However,  as  a  result  Of  regulating  mineral  content  to 
match  bone  si^e,  A/J  femur?  failed  in  a  bcltcle  maimer  and 
shewed  poor  fatigue  properties.  In  the  human  skeleton, 
smaller  hones  werO  stlffer  and  less  ductile.  Thus,  la  recipro¬ 
cal  rdsLtiTOUship  wa?;  observed  between  bone  stiffness  aod 
ductility  for  both  skeleton  systems.  Thi?t  reciprocal  relation- 
s-hip  has  been  extensively  reported  for  tortical  booc/^  and 
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jt  tfi  thought  to  be  a  result  of  the  nmt^  of  the  ujm positional 
and  stiuctiral  factors  that  car?  be  modulated  on  a  biological 
Although  variatiou  b  mineral  eonttm  may  have 
Explained  the  differcncefl  in  brittleness  for  the  mouse  akol- 
etoii,  we  expect  that  the  human  skeleton  wjJl  be  move  com¬ 
plex  and  that  the  variation  in  tissue-level  mechanical  prop¬ 
erties  will  be  a  consequence  of  variable  composition 
(mineral,  collagen,  water)  as  w^ell  as  micro  architecture  {la- 
inellac,  osteon  sizc^  porosity). 

The  calculated  bending  modulus  and  strength  values, 
which  were  determined  from  machinisd  bone  samples  and 
were  thus  quantified  in  a  manner  that  was  indepondeot  of 
bone  s;i5!e,  were  consistent  with  bone  tensile  properties/'^ 
as  expegted.  Test  samples  w'erc  randomly  selected  to  obtain 
representative  mean  values  for  each  tibia  and  the  vanfltion 
in  mechanical  properties  within  each  tjbj?i  was  similar  to  the 
variability  observed  across  tibias.  Thus,  wc  bcUeve  that  the 
mean  values  reported  here  represent  the  generalized  ti.^sue- 
levej  mechanical  behavior  for  each  tibia. 

Compared  with  back -calculating  tissue-level  mechanical 
properties  from  whole  bone  failure  testa,  the  current 
method  of  measuring  ibsucdevel  mechanical  properties  di¬ 
rectly  from  machined  sain  pies  provided  a  broader  range  of 
mccharicai  properties  tb^T  were  needed  to  better  undei- 
stFind  why  bone  sb:e  is  a  risk  factor  for  stress  fraemres.  The 
mechanical  propiMties  included  measures  of  duoblity  (i.c,, 
postyidd  strain,  total  energy)  as  well  as  an  independent 
measure  of  damageability  (he.,  the  damage  parameter). 
These  properties  were  chosen  because  they  were  relevant 
for  undorataDding  Lhe  material  response  of  bones  subjected 
to  the  vigorous,  repetitive  loading  associated  with  military 
training  and  running.  Postyidd  strain  and  total  energy  rep¬ 
resent  measures  of  tissue  ductility  and  were  assessed  to 
discriminate  between  ductile  and  brittle  failure  modes,  Ma¬ 
terials  that  fail  in  a  brittle  manner  ?how  low  postyietd  strain 
and  total  energy  values.  Variation  in  the  ductility  of  cortical 
bone  arises  from  differences  in  the  ini  nation,  accumulation, 
propagation,  and  coalescence  of  damiLge  in  the  form  of  mi¬ 
cro  cracks/^  Variation  in  the  damage  parameter  re¬ 

flected  differenos?  in  the  amount  of  damage  accumulated 
within  the  tissue  and/or  differences  in  the  way  damage  de¬ 
graded  tissue  stiffness.  The  damage  paramciEir  con  elated 
negatively  with  postytcld  strain  and  total  energy  (i?*  = 
0.22-0.25,  p  <  O.OS)  indicatini  that  cortical  tissue  that  failed 
in  a  brittle  manner  also  tended  to  have  higher  tissue  dam- 
ageabihty  or.  accumulate  more  damage.  Although  the  ex 
vivo  bending  tests  do  not  necessarily  reflect  the  in  vivo 
loads  Imposed  on  the  tibta/^ the  bending  loads  were 
expected  to  induce  a  combination  of  tensile,  compressive, 
and  shear  damage*^^^  that  may  be  sufficiently  complc?;  to 
represent  a  generalized  variation  in  bone  quality  among 
huTu^in  Cibias. 

The  results  of  this  study  provide  new  insight  into  why 
bone  size  is  a  risk  factor  for  stress  fractures.  Stress  fractures 
are  believed  to  be  a  consequence  of  excess  damage  accu- 
muJaiion  following  intense,  repetitive  activideR.  Biological 
processes  that  attempt  to  repair  the  damage  may  further 
weaken  the  tissue  because  the  increfLscd  resorption  resuiii^ 
ill  LncTOflsed  tissue  porosity However,  the  actual  contri¬ 
bution  of  biological  repair  processes  to  stress  fracture  risk 


remains  undear.f^^^  Damage,  in  the  form  of  microcraoks,  is 
the  expected  sequelae  of  repetitive  loading  following  nor- 
m  ah  daily  activities,  Intense  loading  con  dill  c  ns,  such  as 
those  associated  with  military  ttaining  and  Long  distance 
running,  are  expected  to  further  increase  in  situ  damage 
accumulation  and  degrade  tissue-level  mecbanicsl  proper¬ 
ties  Therefore,  under  extreme  loading  conditions  (&.£., 
military  training),  variation  in  bone  quality,  apccifically  tis¬ 
sue  d  a  nf^  age  ability,  may  be  a  conlributlng  factor  to  the  in- 
excARed  risk  of  Stress  fracture  for  individuals  with  more 
siender  bones.  The  current  dm.  suggested  that  bone  mor¬ 
phology  could  be  used  as  a  predictor  of  tissue  fragility  and 
stress  fracture  risk  in  the  absence  of  available  noninvasive 
ima|;ing  techniCiU&S  that  accurately  measure  bone  damage- 
ability, 

ACKNOW.EDGIVIENTS 

The  authors  th^Luk  the  U,S.  Department  of  Defense 
(DAMD17-0I-M]S(Ki;  DAMDt7-9R-l-8S15)  and  the  Mus- 
culoskelmlT^arl^plant  Found  a  lion  for  thdr  support  of  this 
research. 

BEFERENCKS 

1.  Milgrom  C,  OilaUi  M,  Simktfli  A,  Hand  N.  Kedem  R,  Kasht^iJr 
H.  Stein  M.  (^amori  M 1 959  The  area  moment  af  inej-tia  of  the 
tibifj:  A  risk  factor  for  stress  fi  acmrcR.  J  BlorncEh  2iri243- 
1Z4S, 

2.  Beck  TJ,  Ruff  CB.  Mounada  FA,  Shaffer  RA,  Maxwell- 
Williams  K,  Kao  GL,  Si^rtoris  DJ,  BrCklinG  S  1996  Dupl-cncrgy 
X-ray  absorpciomcffy  derived  atrticttiraS  geometry  for  stress 
fracture  prediction  in  maleU.S,  Mi^rinc  Corps  ('£iGniits  J  Bore 
Miner  Res  11:645-653. 

3.  Milgrom  C  Cribdi  M.  Stdn  M,  Kasbtan  H.  Margullcs  JY,  Chi- 
sin  R,  Steinberg  R,  Aharonson  Z  1985  Stress  Craanres  in  miii' 
tary  rccuiit-'^t  A  prospecTive  stueb^  showing  m  unusually  high 
Incidence.  J  Bone  Joint  Surg  Br  <J7:732-735. 

4  Lappe  Ml  Stcgmrm  MR,  Reckci  RR  2001  TTic  impact  of  life¬ 
style  finctoTs  on  stress  fracttlres  in  female  Army  fecruits.  Os- 
tcopcjjOfi  lot  12:35—42. 

5.  MiljEpom  C,  Fincstone  A,  Sharkey  N,  Hamel  A.  Mande?!  V, 
Burr  D,  Amdt  A.  Skenman  I  2002  Metatarsal  suains  arc  suf¬ 
ficient  to  c?iusc  fatigue  fracture  during  cyclic  overloading.  Foot 
A  nklE  Int  23:230-235. 

6.  Fried!  kR.  Nuovo  JA.  Pfitlencc  TK,  Dettori  .TR  1992  Factors 
associated  with  stress:  fracture  in  young  army  women:  Indica¬ 
tions  for  fUftlier  rcBcarch,  MU  Med  157:334-330. 

7.  Rrodvig  TJ.  Gudger  TD,  Obermeyer  L  19S3  Stress  fractures  In 
295  tcainccs;  A  one-ycar  study  of  incidence  as  related  to  age, 
sex,  and  Taca.  Mil  Med  l4H:666-667. 

5,  BcTindl  K.  Matlicsoti  0,  Mceuwiase  W.  Rrukner  P  1999  Risk 
factors  for  stress  Metnres.  Spom  Med  28j91«122. 

9-  Jones  BH,  I'll  acker  SB,  Gilchrist  J.  KimsCy  CD  h,  Sosin  DM 
2nn2  Prevention  of  lowet;  exticmi-^  stress  fractures  in  ^ithlctca 
anil  soldiers:  A  systEmatic  review,  Epidemiol  Rev  24:22&-247, 

10.  Giladl  M,  Milgiom  C,  SiTtikin  A,  Dgjion  Y  1991  Stress  fmc- 
turcs.  Idetuiftahlc  risk  factors.  Airt  J  Sportu  Med  19:r>47-652. 

11.  Gilndl  M.  Milgrom  C,  Simkln  A.  Stfiin  M,  Knshtfln  H,  Marglt- 
lisa  Jj  Rand  N,  Chisin  R,  Steinberg  R,  Ahifonson  Z  1987  Stress 
fractures  and  tibialboneiiHdth,  Arisk  faciar  J  Bone  Joint  Surg 
Bt  *9:326^329, 

12.  Crossley  K,  Bennell  Kt,  'Wrigley  T,  Oakes  BW  1 999  Ground 

react  Lon  forcEs,  bone  chatactcriatics,  51fld  tibia  1  stress  ffacture  In 
male  Med  Sri  Spoi'tg  EJ^erc  3l.;10SS"5I]i93, 

13.  Mori  S,  Butt  DB  1993  Increased  intracortical  remodeling  fol¬ 
lowing  fatigue  damage,  Boiic  14:103-109. 


TOMMASINl  ET  AL. 


im 

14.  Jfipsen  KJ,  Penningtot^  DB,  WomtaTi  M,  N^idcau  J 

2001  Bone  bnttiericss  with  genetic  background  in  M 

^hd  C57BUfiT  inbred  mice,  J  Bone  Miner  Res  160334-1,662 

15.  Curtsy  JD  i9S4  Effects  of  differences  in  mineralization  on  the 

mccfuinioal  properties  of  bone.  Philos  Trans  R  SoC  Lond  B 
Biol  Hei  304:509-51$,  , 

16  Ruff  CB  2000  Body  sise,  body  shape,  and  long  bone  sTTcupth  m 
modem  hum  an  f,  J  Hum  Eve  I  39^69-290. 

17.  Selker  F,  Cancr  DR  19S9  Scaling  of  long  bone  fracture 

strength  with  aitittijil  maiSS.  J  BiOmseli  2i!  117^“!  133, 

1 8.  Gustaf^n  IVCB,  Martin  RB,  Gibson  V*  Storms  DH,  Stover  SM. 
GibelLng  J,  GrifOn  L 1996  Calcium  buffering  is  required  to  maid- 
tain  bone  stifEncas  lO  saline  solution.  J  Biomcch  29*1 191—1194. 

19.  Hidai  1950  Theory  of  Fla^  ?Lnd  Fracture  of  Solids.  Engi¬ 
neering  Sricieties  Monogr^ptis.  McGraw-Hil),  New  Yoft^  New 
York,  USA. 

20.  LemaitTe  J  1992  A  Course  on  Damage  Mechanics,  Si^nngci'- 
Verbg,  Berlin,  New  York. 

21.  Jcp^en  KJ,  Davy  DT  1997  CompariRon  of  damage  accumulfl- 
Uoti  me  as  Uf  OH  in  human  tx>i'[ieii.l  boOe,  i  Biaioecb  30:391-^94. 

22.  Di  Msutso  RJ,  Font  MT,  CELpozsfSL  RF,  Dcrarsio  G,  Sosa  F* 
Ferret ti  JL 1997  Loog-bone  biomecbanicfl  in  mice  selected  for 
bocly  conform pition,  Bone  2th 539-545+ 

23.  Ogden  CU  Fryar  CD,  CatroU  Flcgal  KM  2004  Mean  body 
weight  height,  and  body  maSS  index.  UoitEd  Stales  l^trO-SOO^H 
Adv  Data  347:1-17. 

24.  Miller  GJ.  Purkey  WW  Jr  1930  The  gEometric  properties  of 
paired  humati  tibiae.  J  Biomcch  J3:l-S, 

25.  ChTiBtian  fC  Yu  7U  Slemenda  CW.  .Tohnsto^  CC  Jr  1969 
Hfifitability  of  bone  A  longitudinal  ?tudy  in  Cigm^  male 
twins.  Am  J  Hum  Genet  44:429-433. 

26.  Kiel  DF,  Hannan  MJ.  Broe  KB,  Fdsotl  DT,  Cupple^  LA  2001 

c^n  mctajc^rpal  cortiKLl  area  predict  the  occurrenoe  of  Ihp  frac¬ 
ture  in  women  nnd  men  over  3  decades  of  Ebllow-up?  Results 
from  the  O^iteo porosis  Study.  J  Bone  Miner  Res 

16:2260-2266. 

27.  van  dcT  Menlcn  MC,  Jepien  KJ.  Mikic  B  2001  Understand lOg 
booe  fiCrcngthi  iBn’t  everything.  Bone  29:101-104. 

2S.  Burr  DB.  Fcinvood  MR,  Fyhfie  DF.  Martin  RB.  Scbaffler  MB, 
Turner  CH  1997  Bone  mlcTodamngtc  and  skeletal  ftagility  in 
osteoporotic  and  Stress  fractures.  J  Bone  Mine?  Rea  I2t6-1 5. 

29.  Shaffer  RA,  Brodine  SK^  Aimeicl^i  5A,  Williams  KM.,  Ronaghy 
S  1099  Use  o!  slrnplc  measures  of  physical  activity  to  predict 
stress  fraCtliTcs  in  young  men  undergoing  n  rigoroitu  physical 
Training  program.  Am  J  Bpidcmiol  149:236-242. 

30.  Ent'sicin  AH,  Reilly  DT,  Martens  M 1976  Apng  of  bone  tissue; 
Mechanica!  propertieSp  J  Bone  Joint  Surg  Am 

31.  McCalden  rW,  McGcough  JA,  Barke]’  MB,  Court-Brown  CM 
1993  Age-related  changes  in  the  tensile  p.Tx^periies  of  cortical 
bone.  The  relative  impoTtance  of  changes  in  porosity,  mlner- 
altajition,  and  rnierastnictUTC,  J  Bone  Joint  Sur^  Ann  7S;1 193- 
t2te. 

32.  Ctirrcy  JD.  Butler  G  1975  The  mechanical  properties  of  bone 
tissue  in  children,  J  Bon®  Joint  Surg  Am  57:?,jfMlA 

33.  Evsns  FG  1976  Age  changes  in  mechanical  properties  and  his¬ 
tology  of  human  compact  bone.  Yearb  Phys  Anthropol 
20:136M37Z 

34  CuiTcy  JD.  Brear  K,  Zioupos  ?  1 996  The  effects  of  ageins  and 
changes  in  mioeral  content  in  degrading  tbe  roughness  of  liu- 
tnan  femora.  J  Siomech  19:257-260, 

35.  Currey  JD  1979  Mechanical  properties  of  1x)nc  tissues  with 
greatly  differing  functions,  J  Biomcch  12:313-319. 

36.  Papiidimitrlou  HM,  Swartz  SM,  Kuni  TH  1996  Ontopenciic 
and  analogic  variation  in  minnraljzation  of  Che  wing  skeleton 
of  the  Mexican  free- tailed  bat,  Tadarld/i  /jmjjYimctr.  J  Zool 
240:411-416. 

37.  Riggs  CM.  Vaughem  LC,  Evans  OP.  Lanyon  LE.  Bnyde  A 1993 
Mechamcal  implications  of  collagen  fibre  orientation  In  cortical 
bone  of  the  equine  raclius,  Anat  Embry ol  (Ecrl)  187:239-246. 

38.  Skedros  .TG.  Dayton  MR,  S>brc»w.>!fcy  CL.  Blocbaum  RD,  Ba- 
chus  KN  20(^  Arc  unlfarm  regional  safety  Actors  art  ob]cctiye 
of  :idaptivc  modGling^Temodcllng  in  cortical  bone?  J  Exp  Biol 
2tMi:2431‘-2439. 


39.  Ferretti  JL,  Cnpnzza  RF,  Mondcio  N,  Zanchett^  JR  1993  Irt- 

tnrteJaimnshipg  between  dcnsitomciric,  gcomcrric,  and  me¬ 
chanical  properdes  of  rat  femorn.;  Juferercefl  concerning  me¬ 
chanical  regulation  of  bone  modeling  J  Bone  Miner  Res 
8:1389-1396,  ^  _ _ 

40.  Ferret h  JL,  Cointty  OR,  Capoi!2n  RF,  Frost  HM.  2003  Bone 
mass,  bone  srrcuj^h,  mu^clc-bone  inccractlDns.  osteopenias 
^nd  osieo poroses,  Mcch  Agdng  Dev  124:269-279, 

4L  Heinrich  RH  1999  Onh>gcnctic  chfingea  in  miueralii^alion  ^nd 
bone  gEometry  In  the  femur  of  muskoxen  (Ovibos  moRchatus). 
JZpol  247:21 5-233. 

42.  Brenr  K,  Curtey  JD,  Pond  nvi  1.990  Ontogenetic  changes  m 
the  m.ech finical  prcq;ieTticg  of  the  femur  of  the  polar  bear  UrsUS 
maritiinUS,  J  Zool  222:49-58. 

43.  Carrier  D,  Lcon  LR  1990  Skeletal  growth  and  functinn  in  the 
Cnllfotniu  gud  (Lttrv^  calif arrnci*.^).  J  Zool  222:375-369. 

44.  Martin  RB,  Bonrdmail  DL  1^93  The  effects  of  eoJlrigcn  fiber 
orientation,  po^osiT.y^  density,  and  mineralisation  on  limvine 
conical  bone  bcndini  properties.  .TBmmcdi  26:1047-1054, 

45.  PoiiigiUitti  Bnibos  M,  Bianco  ?,  Aseenil  A,  Boyde  A  I9S4 
Collagen  orienutbn  in  corripact  bone;  JJ.  Distribution  of  Is- 
rncUae  in  Uic  whole  of  the  tium?n  femoral  sh^ift  witli  reference  to 
Its  mcxihartical  properties.  Metab  Bone  Dia  RelfttRmi  5r309-o1,5. 

46  SkedfOS  JG,  Sybrownty  CL*  Parry  TR.  Blacbdum  RD  2003 
Regional  dlfforcnccS  In  cortical  bone  orEflUi^Stion  and  mi- 
crodamage  prevalence  in  Rtxky  Mountain  mule  clcer.  Annt 
Rec  274A:037-S5O, 

47.  Skedros  JaHimt  KJ  20(14  Does  the  degree  oflaminanty  cor- 
relate  with  5iitc-speciric  differences  in  collagen  fibre  ojieu cation 
irt  primary  bcnG7  An  evaluation  in  the  turkey  uSnu  diaphysis,  J 
Anat  205:121-134. 

4S,  Jepsen  .KJ,  Davy  DT,  Akkua  O  2001  QbsEcvatlons  of  damage 
in  bone.  In:  Cowin  SC  (ed.)  Bone  Mech^^^ic^i  Handlxjnk,  2nd 
cd.  CRC  Presra,  BcjCa  Raton,  FL,  USA,  pp.  17.1-17.18, 

49.  CuiTcy  JD.  Brear  K 1992  Fractol  an^lyRis  of  compact  b<me  nnd 
anfler  fracture  surfaces.  Biomimefics  lilOd-'llS- 

50.  Ruff  CB  19S4  Allomctry  between  length  and  croSS-Sectional 
dimensions  of  the  femur  and  tibiTi  in  Homo  sapiens  sup  fens. 
Am  J  Phy^  Anthropol  65-347-358. 

51.  Uuiyrm  LE,  Hampson  WO.  Goodship  AE.  ,5hah  .TS  1975  Bane 
defoimatinn  recorded  m  vivo  [rom  strain  g^>uE<^  attached  to 
the  human  litbinl  shaft.  Acta  Orth  op  Scand  46:256-263. 

52.  Bwr  DO.  Mtlgrom  C  Fyhric  D.  Fotwond  M.  hTyakn  M,  Fine- 
stone  A,  Hoshaw  S,  Saiag  E.  Stmkrn  A  1996  Tn  vivo  mensurc- 
ment  of  human  tibial  strains  during  vigorous  oedvity.  Bone 
10:405-41.6- 

53.  Boyce  Fyhrie  DF,  Glotkowflki  .MC,  Rndin  EL,  Sdiaffitr 
MB  199S  Damage  type  nnd  strain  mode  associaciona  in  human 
compact  bone  bending  ffltlgue.  J  Orth  Op  Rea  16:322-329. 

54.  Schaffler  ME.  Blirr  DB  1968  Stiffneas  of  compact  bone:  Effects; 
0  f  porasi  ly  nn  d  densi  ty ,  J  B  iomc  eh  21 : 1 3- 1 6. 

55.  Milgrom  C,  Fincstone  A,  No^ack  V\  Ferefi  D,  Goldich  Y, 
Kreiss  Y.  ZLmlichnran  E,  Kaufman  S,  Ucbcrgull  M.  Burr  D 
ZOfklr  The  elfoet  of  prophylactic  treatment  with  riscdronai;e  on 
stress  fracture  incidence  among  infTitl.tfy  recruits.  Bone  35;418- 
424. 

55,  3cha£f]er  MB,  Radin  BL,  Burr  DB  1990  Long-term  fatigue 
behnvior  of  compact  bone  fit  low  Strain  Tnngiiitudc  arvtl  rato. 
Bone  11,;  32 1-326, 

Address  reprint  requoste  to; 

Karl  J  Jcpsen^  PhD 
Dtpannient  of  Orthopaedics 
Maunt  Srnai  School  of  Medkioc 
Box  hWS,  One  GiLKium  L  Plac^ 
New  York  NY  10029,  USA 
E-mnil:  karljepsmi^rnysm.  edu 

Received  in  arigjoal  form  November  12.  2004;  revised  form  March 
16,  2005;  ncceptcd  Match  23,  2005, 


Journal  of 
OrttiDpaedic 
Research 


ELSEVTER 


Journal  ofOriLiopaed^c  Rcicacch  21  (2003)  1019-1024 


WWW  .clscvTttr.com/l  Gcal'S  ferth  res 


Noninvasive  fatigue  fracture  model  of  the  rat  ulna 
A.E.  Tami  P.  Nasser  ^  MB.  Schaffler  M.L.  Knothe  Tate 

"  nr  Daptn  rffimix  of  Bhnh'dk'Sil  F-ngint^ering  uml  S\Jigtrv,  Onkupaedir  MiicorcH  Ct^nter,  NP  2t}  Lt:rm.r  R(^^.w'ch 

ne  OlfJti'  9500  Biti'hd  Awnui\  O^^&iarid,  OM  44f^$.  U^A 

"  ImtiTuic  of  Biom^dkal  Engifje^mg.  Unlvershy  of  T^^rhnohgy,  S092  Zurfck.  Swkzcrkmd 

'■■  Lerti  ami  PiW  DeiJiirom'ni  of  Qrthopaedkx.  The  Mount  Sinai  School  of  McdiL'inc.  New  Vorkt  5!Y  t0U^9,  USA 


Abstruct 

Fatigue  damage  occurs  in  response  to  repeated  cyclic  loadins  tind  tins  been  observed  in  situ  in  cOrticil  bone  of  humans  and  other 
uitimalii,  When  mlcrocracks  accumulate  i^nci  coalesce,  failure  ensues  and  is  referred  to  as  fsitigue  fracture.  E.xpcnmenlal  study  of 
fjitigiie  fi^tciure  hcalitig  is  inherently  diffictilt  due  to  the  lack  of  noninvasive  models,  to  this  Study,  wc  hypothesized  ihat  repeated 
cyclic  loading  of  the  rat  ulna  nssults  in  a  fatigue  fracture.  The  aim  of  the  study  ivas  to  develop  a  noninvasive  long  bone  fatigue 
fracture  model  that  induces  failure  through  accumulation  and  coslc-^icnce  of  Tuicrodamagc  and  replica  its  the  morphology'  of  a 
climeat  FracTurc.  Using  modified  enddoad  bending,  right  ulnae  of  adult  Spragiic-Dawley  rats  ^^ere  cyclically  loaded  *n  vivo  to 
fatigue  failure  based  on  mereased  bone  compliance,  which  reflects  changes  in  bone  stiffness  due  to  mici'odamage.  Preterminal  tracer 
studies  with  O.S%  Prodon  Red  solution  were  conducic^l  according  to  protocols  described  previously  to  evalujito  perfusior  of  the 
vaficulamris  as  well  as  the  lacunocanalicul^if  system  at  difTercnt  time  points  during  healing.  Eighteen  of  the  20  animals  loaded 
suRlalned  a  fatigue  fr?^cttire  of  the  medial  ulna,  i.e,  through  the  compressive  cortex.  In  all  oascE^,  the  fracture  was  closed  and  non- 
displaced.  No  disruption  to  the  penosicum  or  intramedullary  vasciiMure  was  dbs^tved.  The  loading  rcgfJTte  did  not  produce  soft 
tissue  trauma:  in  addition,  no  hacmatoma  was  observed  in  association  with  appUcflilon  of  load.  Healing  proceeded  via  proliferative 
woven  boTTc  formation,  followed  by  consoUdation  within  d2  days  post frac lure,  b  ftum,  a  noninvasive  Jong  hone  fatigue  fracture 
model  was  developed  thiit  lends  itself  for  the  study  of  internal  remodeling  of  periosteal  woven  bone  during  fracture  hcalbg  and  has 
obvious  applications  for  the  .‘^tudy  cf  Eatigue  fracture  etiology. 

©  2003  Orthopaedic  Research  Society.  Published  by  Elsevier  Ltd,  Ail  rights  reserved. 
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Introduction 

Fatigue  fracture  is  a  comraon  injury  span  tan eously 
Qccarring  in  bones  subjected  to  cyclic  stress.  It  husi  been 
observed  frequently  in  situ  in  rib  and  long  bone  cortices 
of  humans  [10,20,3238]  in  the  tarsal  bones  of  racing 
dogs  [33],  and  in  the  third  mcCacarpa!  bone  of  racehorses 
[34],  The  etiology  of  fatigue  fracture  has  been  attributed 
to  classic  Riatcrial  fatigue  [1]  as  well  as  w^cakening  of 
bone  due  to  reinodclmg  of  areas  subjected  to  ischemia 
■and  reperfusion  injury  [35],  Fracture  or  failure  in  fatigue 
is  the  culmination  of  micro  damage  accmal  within  the 
tissue,  \i  has  been  suggested  [7]  and  recent  experimental 
data  show  that  not  Only  overt  fracture  but  also  mtem- 
dam^^ee  to  bone  [4,7,9,22,27,28,39,45]  trigger^  osteo- 
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clastic  resorption,  initiating  the  remodeling  cycle, 
However,  no  published  studies  have  addressed  intrinsic 
diflercnces  between  the  fracture  repair  response  and  the 
remodeling  response  to  repair  microdamage  in  bone. 

From  a  materials  perspective,  bouc  is  analogous  to  a 
composite,  showing  a  gradual  and  progressive  loss  of 
stiffness  under  Fatigue  (Fi£.  I]  [9,14,25,39].  Repetitive 
loading  of  bone  tissue  results  in  microdarnage  and  cor¬ 
relates  with  a  degnadadon  of  mechanical  properties. 
These  changes  in  material  properties  during  the  course 
of  fatigue  life  are  described  by  three  progressive  phases 
of  fatigue,  the  first  of  which  ia  chaructEirized  by  rapid 
degradation  in  modulus.  Tn  the  second  stage  of  fatigue, 
the  rate  of  change  in  stiffness  quickly  stafeifees  to  a 
constant  level.  Tlie  third  phase  is  defined  by  catastrophTc 
failure,  i.e,  end  of  fatigue  life.  Fatigue  behavior  depends 
oil  loading  parametej-s  including  strain  ratc^  strain 
magnitude  and  cyde  nuinber.  In  addition,  tensile  and 
compressive  stresses  generate  different  fracture  patterns 
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Fip.  1 .  SchemiitfC  dugram  depicting  the  staees  of  Fiitigue  {A),  in  terjKS 
af  damage  fo  bfl^c  (B,  schema tioj  and  changes  in  compliarcc  fCy 
[■^9,43,4^,47].  {A)  The  phase  is  charaaeHsed  by  rapid  modtiluf; 
dcgriLClation,  ThcreaPEer,  the  rate  ftf  changes  in  stiffness  stfibjlisrcs 
nipidly  and  remains  constant  duriltg  the  second  ph;isc.  Al  the  onsci  of 
Uie  third  phase*  the  specimen  caT^tttrophically  fails.  [B>  Devdopmem 
of  d.'imaEjc  during  fitiguc  loading,  Piflnic  damage  associated  wii:h 
inlrulamellnc  Structural  discondnuUies  \K»'ithin  ihe  matrix,  combined 
with  microcr.sclcs  formed  by  intcriamdlar  deb  on  ding  may  coalesce, 
forming  niacrocnicks  and  culminating  in  trophic  rail  lire,  (C)  The 

testing  tnaehinc  mCtlSilncs  the  diaplflcetnenl  during  the  fttllirc  ioading 
history  and  stopis  the  lending  wh^  the  rcfcTcnce  displacement  has 
intrCiuaMj  by  ySV», 

under  fatigue  loading  [14],  Slram  rate  affects  viscoelastic 
behavior  of  bone  [23,24].  Finally,  in  the  course  of  fatigue 
loading,  the  range  of  strain  to  which  the  specimen 
subjected  is  inversely  proportional  to  the  cycle  number 
until  failure  [11-13], 

Despite  the  wealth  of  literature  on  fatigue  dainage 
and  fatigue  behavior  of  hone,  the  etiology  of  fatigue 
failure  in  vjvo  is  not  yet  understood.  Theoretical  models 
aid  in  understanding  the  interactions  between  loading* 
damage^  interna!  remodel  mg  and  the  occurrence  of  fa¬ 
tigue  fractures  [3,28,30].  A  number  of  fracture  models 
exist  to  repUcate  traumatic  fracture  and  healing  response 
to  surgical  intervention;  all  involve  some  degree  of  m- 
va&iveness  to  system  physiology*  e.g.,  %¥Ound  healing 
after  osteotomy  and  soft  tissue  trauma  following  impact 
fracture,  thus,  producing  undesired  artifacts  [2,5J7,19, 
21,29,36*37*40].  To  date,  the  only  published  in  vivo 
study  addressing  fatigue  fracture  is  a  rabbit  impact 
model  developed  by  Burr  ct  al,  [8]  in  which  a  qualita^ 
live  assessment  of  the  fracture  was  described.  To  our 
knowledge,  no  previous  studies  have  addressed  the 
failure  of  bone  in  vivo  under  cyclic  loads.  We  hypoth- 


esize  that  through  repeated  cyclic  application  of  loads 
that  have  been  used  in  previous  experiments  to  induce 
fatigue  microdamage  [4,45]^  it  is  possible  to  produce  a 
fatigue  fracture  in  vivo.  Hcncc*  the  goal  nf  this  study 
was  to  develop  an  in  vivo,  noninvasive  long  bone  fatigue 
fracture  model  that  (i)  induces  fracture  through  COlt- 
tinuous  accumulation  and  coalescence  of  mferodarnage 
during  a  single  bout  of  cyclic  loading,  (ii)  replicates  the 
morphology  of  a  clinical  fatigue  fracture,  and  (iii)  allows 
for  histological  monitoring  of  the  healing  refsponsc. 

Methods 

Artlmiil  mvik! 

Right  uln«e  of  30  aduJc  (^i-9  months)  Temruc  Sprjaguts  Duwkv  mts 
bT’ccdcr^.,  365  ±  55  g)  wert!  subjected  to  loading  tn  ^ivo  through 
Tiiodificd  ctid-load  bcndinB  Oo^ding  described  in  more  detail  bilow). 
All  procedures  were  ferried  out  with  ihc  approval  From  lACUC.  Ra.th 
wcTC  anaesthetized  using  isoflUfftne  inhJi.I:ti:ion  (1-3%)  during  the  pc- 
nod  of  loi^dirg.  For  a  rna^£iiinum  ciuriEtion  ^  h,  Duiing  inadmg  body 
temperature  was  miiinijimcd  at  36-37  using  a  healing  pad.  Before 
and  after  loiiding  the  rata  \-vere  allowed  unrestricted  otge  activity  imd 
unlimited  access  (o  fopd  and  water. 


Loailmj;  rv^ir7U‘ 

Th[i  rnt  ulna  wag  loaded  in  aslal  comprewion  using  n  hydraulically 
powered  Irntron  Tesc  Machine  (Dynamite  Instran,  Canton,  M  A),  by 
applying  load  to  the  olccranoo  nnd  the  Hexed  carpus.  Thi5  device  al¬ 
lowed  For  pjt?ctsc  bad  con  I  rot  to  measure  the  induced  dmpbeement  on 
the  limb  und  to  ivuiomatically  stop  the  test  when  change  in  debrma- 
tion  during  fMiguc  reaches  ft  targeted  value.  Thus,  under  load  control, 
ng]\\  ulnae  were  cyclicaJly  baded  to  FalLfiiic  fti^lurc  based  on  incfftasc  of 
bone  defofmmion,  which  reflects  tlie  degree  of  damage  accumulated  in 
the  structure  (Fig.  1),  Before  rhe  experimental  atrica,  stmm  gauge 
mcasurmients  were  carriesd  am  to  assess  the  strain  occurring  on  the 
uinar  siirrace,  A  ginglc  strain  giHigc  w-aa  mounted  on  the  middiaphyseal 
surface  of  the  mediy-l  uhia  b  previously  cutlianized  raiF.  The  middia- 
physca]  EurfHce  jp  the  site  of  tnasimisl  deformation  occurring  due  to  The 
n?itural  curvatiirc  oF  the  Itohc.  This  has  been  confirmed  through  stridn 
BtiugB  m«^?<urcmcm5  [42]  nnd  finUe  demffnt  modeling  [41].  limb 
was  pTccOftdljoned  the  same  way  as  in  the  fatigue  c?{poriTncnta  (refer  to 
next  paragraph)  and  then  loaded  with  a.  monotoiiic  triangular  lowd 
with  a  peak  force  of  27  N,  Strains  of  3500-4000  j^tttniin  resulted  from 
appliouioti  of  17-18  N  consistent  with  results  of  n  previous  study  [42]. 

The  fatigue  leading  soqitence  involved  two  steps  deluding  pre- 
canditioniTtg  (static  and  dynamic)  and  fatigue  fracture  loadmi?,  Fr> 
conditinnini  ,scrvcd  KR  a  mcisns  to  reduce  efibcis  of  snA  tissue 
comp]  la  nee,  so  that  the  measurable  chaugcB  in  actual  or  dispfMcement 
mainly  reflect  the  progressive  degradation  of  stmctunil  bone  propnrtic.s 
due  to  dninuge.  Marcerver,  prccorLditionmg  helps  in  calimating  the 
msxLnaal  force  to  be  Applied  during  the  subsequent  faLigue  rryeture 
loading.  During  static  prccQTtditionitig  the  ulna  was  louded  for  5  rn in 
with  a  tompTmivc  force  of  N.  Immediately  Thcrcufler.  dynamic 
preconditioning  Wfis  performed  with  a  aiuusaldal  w^i vc fa rm^  tycUng 
l3ctwcen  2  ^lnd  If)  N,  with  a  mcmi  compressive  load  of  6  N  and  an 
amplitude  of  4  N  for  1  Tnin.  i.c„  240  cydea.  Then,  aflcr  procondi' 
tioning*  ulnae  were  subjected  initially  lo  a  meau  cyclic  lo^jd  of  8  N 
magnitude  antf  an  amplitude  of  6  N  (Fig.  2).  This  lo>id  corresponds  to 
two  standard  dcviflliops  below  the  force  required  to  [mpan  a  com- 
prcssk-c  derormation  of  4000  pstrain  on  the  mcdis^l  !iidc,  as  measured 
using  SLTW  gHLigcs.  If  neccgRHry,  the  load  was  tncrciJiscd  gradually  m  I 
N  steps  to  achieve  an  initial  displacement  amplitude  (bii.<icd  on  the 
system  displacement  control)  belwcart  0.250  and  fl  J50  ram.  according 
lo  previoudy  described  prtpLecola  [4%5]  and.  strain  gauge  meiLSurc- 
Etierits.  Peak  load  never  exceeded  20  N.  Tlift  viiluc  af  the  inidiif  dj> 
pin  cement  waiv  always  measured  at  the  hundredth  cycle  of  the  Fatigue 
loading  sequence,  i.c.  durirg  the  fir^t  phnse  oF  Fatigue  (Fig.  I).  That 
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Fig,  2,  EjLpcci menial  loading.  The  load  was  int;Te;iscd  Epadnallj/  l  N  seeps  up  lo  a  peak:  bad  of  20  N  (i.c..  mean  load  ]]  N  with  9  N  umplitudc)  to 
ftchitvc  an  ioitml  dispJacemenL  amplitude^  based  on  the  system  displacement  comrol  of  approximatcTy  030  ±0,05  mm  durine  the  first  IQO  eycles. 


value  was  then  u^od  as  a  rcrcrcncc  to  monitor  the  change  in  defor¬ 
mation  during  fatigue  loading  and  to  calculate  the  end  displacement 
targeted  to  indutx^  fatigue  rr'staurc.  After  having  adjusted  The  load  lo 
achieve  the  targeted  clcformation  during  phase  It  (Fig,  ]),  the  dis¬ 
placement  cimplitude  rapidly  enwred  into  phase  II  of  To  tip  e  hchavior. 
This  region  was  characranzed  by  ^  much  amaller  of  change  in 
cocnpliancci  irC..  a  siabiJizatjott  of  displacement  in  a  thfeshpld  level. 
The  experiment  was  coniinucd  until  the  rate  of  change  in  dUplucement 
jncrcflfied  rapidly,  indicflting  the  end  of  fttttguc  life  (phase  ni):  loading 
was  stopped  at  J5%  increase  in  ulnar  compliance  compared  lo  tlic 
rerercnce  cycle  mca.';urcd  at  the  beginrtStlg  of  tbc  fatigue  loading 
queroe. 

lAtrumwf  mtiTkjef  ptirfusion 

Tlic  rats  divided  inio  sU  groups  of  five  animals  each  (Table  1). 
Prcicrmiftal  tracer  studies  were  conducted  according  lo  protocol  de¬ 
scribed  previously  [26]  to  evaluate  perfuaion  of  Ihe  Vflsculaturc  tii  well 
as  the  lacuoocanalicular  system  at  different  time  points  In  the  healing 
and  remodeling  cycia.  Each  rai  was  injected  via  a  b  tent  I  tail  vein  with 
O.BVn  Prcicioh  Rod  solution  in  t>3^  saline,  Animab  were  anaesthetized 
vt  iTic  time  of  it^tecdon.  Five  tni?iutcs  after  ipjccticiTij  animats  were 
euthanized  without  rocovery  from  anesihesj^.  Five  mts  (group  2,  Table 
1)  were  injected  ammcdiatdy  after  loading.  Three  other  groups  of  five 
rats  each  (group  3,  ^  and  5)  were  loaded  and  then  injected  ai  respec¬ 
tively  7,  K  and  42  days  ihcrcaftti.  Two  more  groups  Cl  and  fi)  Rcrvcd 
am.  controls  that  were  not  loaded  but  were  injected  with  the  iraccr 
immedbtcly  and  42  days  after  30  min  of  anaesthesia. 

HLvtolo^hp^  ohjifftmtians 

8Dih  the  loaded  (right)  and  ni>n-lDaded  (left)  IN ba  were  harvested 
and  manually  disaecied  free  af  seft  tissue,  fixed  in  ctlianol  (40'/(h).  de¬ 
hydrated  in  ethylene  glyco]  (100%x  cleared  with  petroleum  eiher,  ard 
finally  infiltrated  in  PMMA,  Crcss-sectirnui  of  the  embedded,  uade- 
calcified  bones  were  cul  serially  every  500  pm  using  a  diaTnond  saw 


microtome  [SP  IGOO,  Lcicit,  Nuasloch.  Geanany),  polished  to  SQ-lOO 
pm,  and  mounted  for  rttrcrtwcopic  annlysia.  Specimens  were  observed 
quajiiativcly  using  bright  field  microscopy. 

For  irHCfli'  studltss,  the  specimens  were  observed  with  &  con  focal 
microjsoopc  fTC5  SP2n  Lcica,  Hcldelberj^  Germ  an  yl  with  exdtaiion/ 
emission  spectra  act  to  56 5/3 SM24  urn.  For  delail^d  morphologtcaf 
studic!!  of  tracer  perfusion  during  fracture  bcflling,  observations  were 
made  using  40x  (jiA  1, 25 ^  plan  Apochromat)  f\nd  63 x  fnA  1,32,  plan 
Apochromiit)  miignifioaijDn  oil- Immersion  objoctives,  The  locatfon  of 
the  fracture  was  noted ,  wa^  chars  etc  N^Kd  in  tenns  of  linear 

tnicTOCrackfl  versuB  diFuSfl  damage,  resorption  spaces  and  woven  bone 
rc.qponae  were  documented.  Perfusion  of  the  tracer  was  noted  through 
tile  viisculnr  and  peri esteocy tic  fluid  spaces  in  bone.  Moreover,  the 
healing  process  tvas  asseased  with  respect  to  time.  For  each  SuorcacGnt 
image  laken,  ttTtnsmisslon  imiAgcs  in  DlC  mode  were  taken  to  docu- 
incnt  hone  morphoioEy.  Far  the  specimen  iujecied  7  and  14  days  after 
loading  (group  3  i?c5p  .  group  4)  the  contour  oF  woven  bone  well  ws 
the  fracture  line  were  traced  on  the  digiliMcl  sequential  cross-sect  tons 
in  which  the  crack  was  visible.  The  surface  area  of  woven  bone  and  the 
length  of  the  crack  on  each  crcsia-accllon  were  meaaurod  using  Open- 
Lab*  flmprovision  Inc.,  Lcxingtotii,  MA), 
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Fatigue  fractures  were  confirmed,  in  eighteen  of  the  20 
loaded  ulnae.  The  fracture,  In  the  medial  ulnar  cortex, 
occurred  within  12.000  loading  cycles  (Fig,  3,  left).  In  aJI 
eases  the  fracture  was  dosed  and  non-displaced.  No 
disruption  to  the  perJosteuTn  qt  intramedullary  vascu¬ 
lature  was  observed.  Neither  soft  tissue  trauma  nor 
the  presence  of  a  haematoma  was  evident;  in  fact. 
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Fig,  3,  [LefL>  Confocii  mEcrDimph  showing  fatigue  fraclurc  of  mcdiEi!  ulftn*  represent  a  live  of  those  incurred  in  90%  of  eases  ^Uidied.  (T?.ight^  42  days 
posLfmciiJre.  In  tolh  images,  fluorescence  indicates  presence  ofFrocion  Red  iruccr,  en  intr^vit^il  marker 


fluorescent  tracer  studies  showed  no  signs  of  intravas¬ 
cular  leakage  except  by  intracortical  vessels  which  wens 
disrupted  directly  by  the  fracture  line.  The  fracture  was 
alw'ays  located  in  the  distal  third  of  the  medial  ulnar 
diaphysis,  Tlie  fracture  line  extended  between  the  mid- 
cortex  and  the  periosteum,  from  the  mcdiodorsaj  to  the 
medioventral  surface  (Fig.  4),  After  digitizing  sequential 
cross-sections  of  a  specimen  showing  a  fracture  line,  it 
was  possible  to  trace  the  contours  of  periosteum,  en¬ 
dosteum  and  of  the  fracture.  By  creating  a  surface  mesh 
between  the  collected  contours,  we  reconstructed  a 
three-dimensional  model  of  the  fractured  volume.  The 
3D  reconstruction  revealed  an  oblique  fracture  surface, 
spanning  between  the  endosteum  and  pcriosieum  and 
cortesponding  to  a  plane  of  high  shear  stress  arising 
from  cDinpressjve  loading  (45^  from  the  longitudinal 
axis).  The  axial  crack  distance  comprised  2. 5-3. 5  mm. 

Fracture  healing  proceeded  by  direct  bone  formation 
via  woven  bone  proliferation  at  the  periosteal  surface, 
mainly  on  the  medio-latcral  side  of  the  injured  area. 
Endochondral  ossification  was  not  observed  in  fractured 
specimens  imaged  using  laser  scanning  confocal  mi¬ 
croscopy  with  protocols  designed  to  excite  collagen 
autofluorescerrcc  and  Procion  Red  excitation  ^25].  Im¬ 
mediately  after  loading,  a  fracture  iinc  was  observed  to 
extend  from  the  mediodgrsa)  to  the  medioventra!  sur¬ 
face  (Fig.  3,  left),  with  local  microdamage  coalescing 
around  the  fracture  line  and  contained  completely 


within  the  medial  cortex.  Seven  days  after  loading,  in¬ 
tense  periostea]  proliferation  of  woven  bone  was  ob¬ 
served  on  the  medial  surface  (Figs.  3  and  4),  Woven 
bone  extended  between  the  mediodorsai  and  medio- 
vcntral  extremities  of  the  fracture.  The  longer  the  crack 
in  the  cross-section,  the  larger  the  increase  in  surface 
area  due  to  woven  bone  reaction  (Fig,  5).  Microscopic 
observation  revealed  initiation  of  resorption  along  the 
fracture  site_  Fourteen  days  after  loading,  resorption 
cavities  could  be  observed  microscopically  at  subpe- 
rinijteal  and  subcndocorticd  sites  abutting  the  fracture 
line.  Woven  bone  along  the  periosteum  had  consoli¬ 
dated  considerably  in  comparison  to  the  previous  time 
point.  Forty  two  days  after  loading,  the  fracture  line  was 
only  faintly  visible  in  one  Otherwise,  the  fracture 
had  remodeled  completely.  Areas  of  woven  bone  were 
well  can  soli  da  ted. 


Discussion 

Based  on  the  results  of  this  study,  repeated  cyclic 
loading  of  the  ulna  in  compression  through  the  third 
phase  of  fatigue  culminated  b  a  repeatable  and  non- 
displaced  fracture  through  the  distal  aspect  of  the  dia¬ 
physeal  cortex.  Lack  of  extravasation  of  the  dye  from 
periosteum  and  vasculature  suggested  that  fatigue  frac¬ 
ture  did  not  disrupt  those  structures.  Based  on  the  fa- 


Fig.  4,  Ttin?c-dim«i1isiQTta.J  reconslrUcUon  of  Eht  ulr^itr  Election  cojvTiiining  ihc  fracture.  The  cro55-ECc; cions  ctintaLnine  a  frauiufe  line  were  dfgi^iKcd 
ThercafTtcr,  the  cont<?urE  af  prrioateuni  (gray)  and  woven  bone  (green)  as  well  the  fracture  (itie  fbrowtij  were  tniced  on  cadi  digitized  cm.s5^scdion, 
Finally,  a  throe  dimensional  reconstruction  with  gurface  mes^h  waa  generated  which  connected  the  contours  of  sequential  GroS5i*  sect  ions.  Complete 
woven  bone  Tcaaio:n  aurrgundbg  the  fracture  {IcH);  single  accMon  showing  periosteum,  fracture  line,  and  woven  bone  surface  fright), 
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Fig,  5^  between  crack  lengib  and  increase  irt  bone  ^iu^facc 

urcit  Its  tJic  groups  observed  7  d>  and  14  (A-D)  daj^  tirtar  loading. 
The  peririf^icsi  woven  bone  rormatioTi  irrcrEises  proportionsd  lo  craclc 
Itrnglh. 


tiguc  fracture  model  of  ihc  rat  ulna  developed  withm  the 
context  of  this  study,  controlled,  In  vivo  cyclic  fa^tiguc 
loiiding  can  be  utilized  to  apply  microdamage  to  the  rat 
ulna  to  the  point  of  fatigue  failure,  conJirming  ouf  hy- 
poihcstB.  The  resulting  fmeture  traverses  the  comprea- 
sive  cortex,  which  heals  by  tneans  of  woven 
fomuitioTi  following  the  path  of  intramembranous  os- 
si  Ucati  on  , 

The  model  is  highly  reproducible  and  inicmally 
consistent;  18  of  20  loaded  rat  ulnae  sustained  a  non- 
displaced,  closed  fracture  of  die  medial  ooricx,  corre¬ 
sponding  to  a  90%  success  rate.  Damage  to  soft  tissues 
and  to  the  blood  supply  was  minimaL  Half  an  hour 
after  .recovering  from  anesthesia,  the  rats  ambulated 
on  all  four  iimbs.  Neither  extraperiostea !/intramcdullary 
blei^ding,  nor  formation  of  haematoma  was  evident 
immediately  after  loading  or  during  the  healing  phase 
thereafter.  The  loading  histoty,  i*c.  the  change  in  dis^ 
plaoement,  respectively,  stiffness  as  a  function  of  in¬ 
creasing  cycle  number,  exhibited  the  three  phases  of 
fatigue  behavior  Typical  for  composite  structures  such  as 
bone  [31].  The  initial  modulus  degradation  was  followed 
by  a  longer  penod  during  which  the  stiffness  changed 
very  slowly;  this  is  typical  compa^rtc  behavior  that  limits 
the  degradation  of  material  properties  while  allowing  for 
creep  effects*  finally  resulting  in  a  continupnsly  increas¬ 


ing  displacement.  Finally,  in  the  third  phase  of  the  fa¬ 
tigue  process,  damage  accumulation  and  coalescence 
lead  to  a  rapid  decline  in  stifTness  until  the  structure 
iiUimately  fails.  The  loading  history  taken  during  the 
course  of  this  experiment  showed  all  the  three  phases  of 
fatigue,  with  fracture  occurring  very  rapidly  in  phase 
three.  Hence,  the  observed  fractures  most  likely  derived 
from  a  combination  of  microdamage  devebpitieni,  co¬ 
alescence  and  accumulation  through  the  failgye  life  of 
the  tissue.  Fracture  did  nor  result  from  a  single  overload 
of  the  structure,  but  from  a  repeated,  non-crittcal  (i.e. 
pcEik  stress  below  ultimate  strength)  toad.  Although  this 
model  replicates  a  classica]  material  fatigue  fmccure 
well,  it  does  not  tcplicatc  a  physiological  bone  fatigue 
fracture  perfectly,  because  failure  is  induced  in  a  single 
loading  bout.  This  makes  the  model  an  acute  fatigue 
fracture  model,  and  physiological  fatigue  fractures  may 
occur  cither  acutely  or  over  time.  Hence,  the  model  may 
be  anaiogom,  albeit  in  an  extreme  form,  to  the  faiiguo 
fracture  incurred  by  distance  runners  and  tnilUary  re¬ 
cruits.  whereby  [here  ts  a  mismatch  between  the  rate  of 
dam.age  production  and  coalescence  and  the  rate  of 
bone  repair  processes, 

Based  on  histoiogica!  observation,  the  fractures 
healed  through  prolifcratiorL  of  woven  bone.  Within  7 
days,  massive  woven  bone  was  observed  histologically 
in  the  medial  aspect  aod  surrounding  the  fracture.  This 
immediate  tissue  response  has  been  suggested  [16]  to 
stabilise  and  strengthen,  the  structure  rapidly  by  bridging 
the  damaged  area  and  mcTcasing  the  cross-scctional 
area,  thereby  increasing  the  second  moment  of  inertia. 
Experimental  observation  in  the  following  weeks  showed 
a  gradual  consolidation  of  the  new  b issue  and  repair  of 
the  fracture  gap  through  remodeling. 

The  in  vivo  fatigue  fracture  model  described  here 
represents  a  heretofore  unexplored  approach  lo  mim- 
kking  iiatuia]  booe  failure  through  cyclic  loading.  Pre¬ 
viously  published  fracture  models  used  techniques  to 
induce  failure  in  a  single  load;  those  include  application 
of  thrcc-point-bendmg  [19,29.36],  torsional  [40]  and 
impact  loads  (by  means  of  a  blunt  guillotine)  [5,17,21]. 
Surgical  osteotomy  has  also  bccn  used  as  a  surrogate 
for  acute  fracture  [2,37].  Fatigue  loading  has  been  used 
previously  to  induce  microdamage  and  to  study  its  re¬ 
pair  [4,6, [3-1 5,18,22*30.39.42,45,46].  The  response  of 
bone  to  repeated  cyclical  loading  was  examined  previ¬ 
ously  in  an  impact  model  [g]  inducing  fatigue  fracture. 
The  fracture  model  presented  here  is  based  on  a  previ¬ 
ously  developed  compressive  loading  model  for  the  rat 
ulna  [4],  with  the  aim  of  producing  fatigue  fracture 
[22,23,451.  Strain  gauge  measurements  conducted  in  the 
dcvdopmcnt  of  this  fracture  model  corroborate  data 
reported  by  Torrance  ct  al.  using  the  same  loading 
configuration  [42]  in  which  compressive  strains  as  high 
as  4350  pstrain  were  reported  medial  to  the  neutral  axis 
and  tensile  strains  up  to  2900  jistrdn  were  reported 
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lateral  to  the  neutral  axis  under  a  20  IN  peak  load.  In  the 
fmciure  model  reported  here,  maxiinal  strains  of  3500- 
4000  [.lairain  were  measured  on  the  medial  side  of  the 
cortege  under  application  of  18  N  peak  cyclic  loads.  This 
area  corresponds  to  the  area  of  hiBhesT  strains  reported 
previously  [42]  and  coincides  with  the  iocation  of  the 
fracture.  The  fracture  moiphology,  i.c*  the  oblique 
fracture  surface,  typifies  a  fatigue  failure  arising  in  an 
area  of  compact  bone  subjected  to  longitudinal  com¬ 
pressive  stresses  [14]. 

The  fracture  occurred  on  the  cotnpresawe  side  [42] 
which  may  at  first  appear  contrary  to  observations  that 
bone  is  more  fatigue  resistant  under  compression 
[9,13,31).  However,  due  to  the  natural  ahsipc  of  the  bone, 
axial  loads,  such  as  those  applied  fn  the  model  described 
here,  engender  compressive  strains  in  the  ulnar  cross- 
section  that  are  higher  than  the  respect ive  tensile  str&ins 
due  to  the  auperposition  of  axial  and  bending  modes 
[42].  Thus,  it  is  likely  that  the  number  of  cycles  to  failure 
for  the  resulting  tensile  strains  is  higher  than  that  for 
compressive  strains. 

This  model  represents  a  new  approach  to  simulating  a 
naturally  occilrring  fatigue  fracture  m  vivo.  This  model 
achieves  fracture  through  the  development  and  coales¬ 
cence  of  microdamage  during  controlled,  fatigue  ioad^ 
ing,  The  loading  magnitude  per  se  is  hypcrphysioIogicaJ, 
but  it  was  shown  in  previous  experiments  [4,45]  that  it  is 
adequate  to  induce  and  simulate  fatigue  damage  in  a  rat 
modeh  The  loading  conditions  differ  from  those  occur¬ 
ring  during  physiological  loading,  j.c.  the  load  is  applied 
via  the  flexed  carpus  and  olecranon  process.  Nouethe- 
less,  the  dismbuiion  of  stness  and  strain  along  the  lon¬ 
gitudinal  axis  of  the  dna  approximates  that  occurriTig 
physiologically  due  to  the  bending  moments  incurred 
through  axial  compression  of  a  curved  bone.  Further¬ 
more,  the  fracture  configuration  is  similar  to  that  oc¬ 
curring  spontaneously  due  tn  Fatigue,  e.g.,  as  seen  in  the 
third  metacarpus  of  racehorses  [34]  or  in  the  central 
tarsal  bone  of  race  dogs  [33].  Finally,  despite  being  an 
exogenous  loading  model,  soft  tissue  surrounding  the 
area  of  interest  is  protected  from  artifactual  trauma  and 
damage  to  the  blood  supply  is  minimized. 

In  conchisioTi,  based  on  the  norinvasivc  long  hone 
fatigue  fracture  model  described  in  this  study,  applica¬ 
tion  of  repeated  cyclic  loads  with  a  magnttude  below  the 
ultimate  strength,  can  be  used  to  produce  a  fatigue 
fracture  in  vivo.  The  fatigue  behavior  observed  in  this 
study  wa*  consistent  with  that  observed  in  previous 
studies  on  compact  bone  tissue^  and  ihc  resulting  frac-^ 
ture  corresponded  to  spontaneously  occurring  failures 
observed  cJinieaJly  [14].  Supported  by  tracer  methods 
and  rccoDst ruction  of  the  fracture  morphology  in  three 
dimensions,  the  model  presented  here  lends  itself  for  the 
study  oF  internal  remodeling  of  periosteal  woven  bone 
during  fracture  healing,  and  has  obvious  applications 
for  the  study  of  fatigue  fracture  etiology. 
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INTRODUCTION 


Stress  hnetmes  result  from  repetitive  loading  and  occur  coitimonly  among  phys¬ 
ically  active  individuals.  Stress  fractures  are  not  associated  with  a  specific  history  of 
trauma.  Rather,  tliey  are  fr^uenUy  reported,  in  soldierSi  ballet  dancers,  joggers,  and 
other  individuals  who  have  increased  their  levels  of  repetitive-type  physical  activi- 
tiea.^  i^3[).«.5s.74.7S.7s,8i  (jjgy  regarded  as  a  mechanical  fatigue- 

driven  process.  Stress  ifactorea  arc  ranked  between  the  second  and  eighth  most 
common  running  iujurj',  with  incidences  repotted  between  4  and  14%.''®-"  Rates  of 
occurrence  of  stress  fracture  in  the  U.S.  milit^  were  reported  by  Jones  at  a},-^»  to  be 
in  the  range  of  less  than  4%.  However,  recent  studies  by  Hise  et  a].«  found  that  stress 


P>03 1 7-&fl0 1  «0.0Ci*$  ,^0 
5^3001  byCRC  PtEBs  UC 


161 


C. 


162 


MUSCULOSKEUETAL  FATIGUE  AND  STRESS  FRACTURES 


fracture  incidence  axDong  female  soldiers  in  basic  training  was  considerably  higher, 
at.  nearly  8%.  In  other  military  traioing  cnvironTnents,  such  as  the  Israeli  army  the 
incidence  of  stress  fracture  among  soldiers  has  been  reported  as  high  as  3 1  pcrcent^^-’^'** 

Clinically^  stress  fractures  present  as  bone  tenderness,  often  with  radiographic 
evidence  of  a  periosteal  callus;  less  frequently  observed  is  occurrence  of  an  actual 
fracture  Typically,  stress  ffactuies  occur  after  four  to  six  weeks  of 

increased  activity.  This  is  estimated  to  conespond  to  about  100,000  load  use 
In  recent  years,  diagnosis  of  stress  fracture  ha$  $liifted  from  radiology  to 
bone  scintigraphy  using  ^^'’^echnetium 

There  arc  two  hypotheses  regarding  the  cauije  of  stress  fractures.  One  hypothesis 
holds  that  stress  Iractuies  arc  the  resnjt  of  development,  accumulation,  and  growth  of 
microcracks  within  the  In  this  view,  stress  fractories  are  considered  a 

purely  mechanical  damage  occumence,  he,,  fatigue  failure  of  the  skeleton.  An  allcmalive 
hypothesis  models  stress  fracture  ^  a  posidve  feedback  raechanisni;  increased  mecloaii- 
ical  usage  stimulates  bone  turnover,  which  results  in  focally  increased  bone  lemodeling 
space  (porosity)  and  decreased  bone  mass.  With  contiiiued  loading  of  this  focally, 
transiently  osteopenic  bone,  local  stresses  arc  mml^edly  elevated,  leading  to  aoed crated 
damage  and  failure.  Fracture  is  the  result  of  continued  rcpetitivc  loading  superimposed, 
On  the  decreased  bone  mass  caused  by  more  and  larger  resorption  spaces 


DOES  BONE  FATIGUE  WITHIN  THE  NORMAL  RANGE 
OF  PHYSIOLOGICAL  STRAINS  AND  CYCLES? 

Bone  can  fracture  with  relatively  few  loading  cycles  when  cyclic  stresses  or 
5tratQ3  are  large.  Carter  and  Calcr^-^^  showed  that  bone  can  fail  in  fatigue  in  as  few 
£13  1000  to  100,000  loading  cycles  at  strain  ranges  of  SOOO  to  10,000  microstrain 
(0.5  to  1  percent  deformation).  However,  in  vrvo  bone  strain  studies  indicare  that 
habitual  peak  physiological  strain  ranges  in  living  animals  axe  considerably  lower, 
typically  less  than  1500  nucrostrain  m  tension  and  2500  microstrain  in  compres- 
Very  high  Ijone  strains  (in  the  range  of  4000  to  5000  micrustram)  in 
muscularly  fatigued,  growing  racehorses  have  been  reported  by  Nuuamaker  et  al,^^ 
However,  other  studies  have  not  observed  comparably  high  strain  levels  in  race 
Recently,  Boir  and  co-workers applied  strain  gages  to  the  tibia! 
shafts  in  Israeli  soldiers  during  incenflivc  training  regjiaes  and  found  that  repetitiYe 
strains  did  not  exceed  2000  microstrain  for  any  voluntary  activity,  no  matter  how 
extreme  the  regimen.  They  also  observ^ed  that  after  extreme  mu.'iicular  fatigue,  strain 
magnitudes  did  not  change  but  strum  rates  increased  significantly.^''^  In  summary, 
these  data  indicate  that  maximum  bone  strains  in  vwo  during  vigorous  activities,  in 
humans  and  in  animals,  are  in  the  range  of  about  200Cb250C  microstrain. 


HOW  DOES  BONE  BEHAVE  WHEN  FATIGUE-LOADED 
AT  LOWER,  MORE  PHYSIOLOGICAL  STRAINS? 

At  physiological  strains  in  the  range  of  1500  to  2500  mjcrostiam,  the 
fatigue  life  to  failure  of  compact  bone  (defined  as  fracture)  is  extremely  long  —  up 
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to  10  million  load  cycles.  However,  Schaffler  et  showed  that  during  cyclj.c 
loading  at  such  low  strains  as  encountered  jn  hahitna]  Joadiog,  hone  a 

sigojficant  amouTit  of  fatigue  damage.  This  fatigue  is  evidenced  by  up  to  10% 
stiJSTiess  (modulus)  loss  in  bone  test  specimens  over  the  first  few  hundred  thousand 
cycles  of  loading.  A  number  of  other  studies  have  since  reported  similar  observations 
for  fatigue  in  bovine^  canine,  equine,  and  human  The  mechanical  loss 

of  materia]  stiffness,  or  modulus  reduction,  during  fatigue  is  correlated  to  ihe  accu¬ 
mulation  of  microdamage.  All  of  these  studies  found  that  the  fatigue  process  begins 
early  in  the  loading  history,  with  most  of  the  modulus  degradation  occurring  witliin 
several  hundred  thousand  cycles  of  loading.  SriffuBss  loss  then  stabilizes  for  the 
duration  of  the  experimental  loading  period  and  does  not  progress  to  failitra  for  up 
to  several  million  load  cycles  (Figure  1).  Thus,  at  the  levels  of  stress  and  strain  which 
are  habitually  developed  in  vivo,  the  fatigue  life  to  failure  for  compact  bone  is 
extremely  long  —  1  to  10  million  load  cycles,  which  corresponds  to  approximately 
five  to  ten  years  of  use  in  life.  However,  significant  amounts  of  fatigue  damage  occur 
Throughout  the  loading  history.  This  damage  must  be  repaiied  in  order  to  avoid 
failure  of  sheletal  elements*  It  should  aJsg  be  noted  that  strain  rate,  or  the  rate  at 


Fatigue  behavior  of  compact  bone  at  habitual  physiological  strains 


Figure  t  Summary  of  fatigus  behavior  of  compact  bone  loaded  at  two  strain  levels  character¬ 
istic  of  the  physiologic  loading  environment.  At  the  lower  strain,  characteristic  of  rapid 
walking,  bona  sustains  damage  and  loses  strffrisss  (shown  aa  parcentege  decrease 
from  the  Initial  elastic  modiilus)  eady  in  its  loading  history  (phase  I),  Stfffness  foss 
then  slows  and  remains  stable  (phase  II)  for  up  to  lOmrliion  cycles,  At 
^^00  micnostrain,  the  strain  ievel  characteristic  of  normal  running,  bone  shows  a 
si  mi  Jar  early  dogradatlon  of  modulus  (1).  Damage  accumulation  then  slows  and 
remains  stable  for  1  lo  ^  rhrllion  eyefes  [I  I).  At  this  higher  strain,  however,  modulus 
degradation  will  resume  and  progress  to  fetigus  failure  (phaso  III)  after  several  miilbn 
cycles  of  loading. 
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which  peak  strajns  are  geneoraisd  in  bone,  has  a  significant  effect  on  damage  accu¬ 
mulation,  In.  labomto.ry  fatigue  tests,  loading  at  strain  rates  characteriatic  of  running 
were  more  damaging  to  bone  than  loading  at  lower  rates,  regardless  of  the  magnitude 
of  strain  or  lood,^^ 

The  key  point  of  these  data  is  that  bone  readily  sustains  fatigue  damage  at  modest 
stresses  or  strains.  An  analogous  temporal  pattern  of  fatigue  behavior  occurs  in  many 
fiber-reinforced  composite  nTatedals,^®^  Under  low  stress  or  strain  cyclic  loading 
conditienfl,  sti,ffness  loss  occurs  early  in  the  loading  history^  corresponding  structuT- 
ally  to  tbe  initiation  of  new  craefc;  and  voids  in  the  material.  Stiffness  loss  then 
slows  lontil  very  late  in  the  loading  Instory^  when  it  again  resumfis  and  progresses 
rapidly  to  failure.  This  three-phase  failure  behavior  for  low  stcess/strain  cyclic 
loading  failure  of  composite  materials,  and  apparently  compact  bone  as  well^  stands 
in  conuadistiDCtion  to  the  earlier  idea  that  compact  bone  can  be  characteozed  as  a 
materia]  that  has  a  linear,  progressive  loss  of  stif&iess  leading  to  failure.  Thus,  at 
the  low  stress/strain  levels  at  which  bone  is  habitually  loadedn  bone  sustdns  fatigue 
damage  quickly,  but  that  damage  docs  not  readily  progress  to  failure. 


FATIGUE  MICRODAMAGE  IN  COMPACT  BONE 


Loss  of  stiffness  with  fatigue  loading  is  direct  mechanical  evidence  for  the  exist¬ 
ence  of  damage  within  the  matrix  in  composite  material  such  as 
However,  given  that  bone  is  a  comparatively  brittle,  inhomogeneous  material,  it  has 
been  problematic  to  visualize  matrix  damage  and  validate  that  matrix  cracldug  is 
not  an  artifact  of  microscopic  preparation  techmques, 

Frosl^  reported  the  fiiut  obsciv^adons  of  microdamage  (smalh  SO  to  100  pmdong 
cracks)  in  human  rib  samples  obtained  at  autopsy.  He  suggested  that  such  microcracks 
result  from  fatigue  in  vivo,  Frosf  s  simple  and  elegant  approach  for  visualmug  niicio- 
scopic  damage  in  bone  is  still  central  to  bone  fatigue  and  matrix  damage  research 
some  40  years  after  its  original  dcscriptionT^-’^^'^^'i^LiM  Large  blocks  of  bone  tissue 
were  stained  in  a  dye  (basic  fnehsin)  which  binds  non- specifically  to  open  bone 
surfaces  prior  to  histological  seefiorung.  Microcracks  existing  in  the  bone  prior  to 
sectioning  were  stained;  new  cracks  introduced  during  sectioning  for  Ttiicruscopic 
observation  remained  unstained,  and.  could  therefore  be  readily  distinguished  as  artifact. 
Tilts  bulk  ataining  approach  has  been  updated  to  include  fiuore scent  and  heavy  metal 
dyes,  allowing  studies  using  confocal  roicrascopy  and  electron  micfoscopy.®'^‘^'^<»3 
Bone  microcracka,  of  the  typical  linear  morphology  first  described  by  Frost 
(Figure  2),  have  been  produced  experimentally  by  applying  physiological  levels  of 
Stress  or  strain  cyclically  to  devitalized  bone  samples  and  in  vivo  as 

15.77*1  os  Moreover,  bone  is  a  bierarehical,  inhomogeDeoiis  material,  and  cracks 
can  potentially  form  at  any  level  in  its  micros tructural  oiganizatioa.  Thus,  it  is  dear 
that  there  can  be  other  levels  of  matrix  failure  in  bone  which  occur  early  in  the 
fatigue  process  and  strongly  influence  iL*5  fatigue  behavior  In  experiments  from  our 
kboratoryd*^  human  compact  bone  samples  were  fatigued  to  increasing  amounts  of 
damage,  as  evidenced  by  modulus  degradation.  T^^pical  linear- type  microcracks 
(Figure  3a)  were  observed  rarely  in  specimens  at  low'er  fatigue  level  (15%  modulus 
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Rsure  2  Confocal  Dtooml^graphs  of  miOrtidfimage  tn  human  bone  sami^fas.  Upper  pane!  (A)  ehowa  a  llUBar 
migrocraok  (amow)  typfcftl^  that  fJm  described  by  Rost  *  Leaver  panaffB)  shnw$  a  highef  magnifi¬ 
cation  view  or  a  region  of  cffriUse  maMx  darriaQe.  oomprEsed  of  Igrige  numbers  of  very  micnoenad^ 
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(a) 


Microcrack  density  (Cr.Dn) 
with  fatigue  loading 
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Diffuse  matrix  microdamage  area 
(Dfdx-Ar)  after  fatigue  loading 
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Figure  3  Linear  microcrack  density  (Cr.Dn)  and  diffuse  damage  content  (Ofcb{.Ar)  in  human 
bone  specimens  exparlmentaliy  loaded  to  increasing  leveis  of  fatigue,  a.  For  iinsar 
rnksTocracks.  Increased  Cr.Dn  occurs  after  a  30%  modulus  decrease,  b.  In  cnntrast, 
diffuse  damage  content  Increases  in  direct  relation  to  increasing  amounts  of  fatigue 
in  these  samples. 

loss)  but  were  observed  routinely  at  higher  levels  of  fatigue  (30%  modulus  degra¬ 
dation).  In  studies  of  whole  bone  fatigue  in  canine  long  boneis.  Burr  etaL^  also 
reported  that  linear  micro  cracks  were  not  observed  until  15%  stifiEuess  loss.  Howeverj 
in  fatigue-loaded  human  bone  specimens,  patches  of  diffuse  basic  frichsin  staining 
of  the  bone  matrix  were  observed  at  all  fatigue  levels,  indicating  a  fatigue-induced 
change  in  bone  m^x  peuneability  to  die  stain.  The  amount  of  this  diffuse  staining 
increased  in  direct  relation  to  increasing  specimen  fatigue  levels  (Figure  3b). 
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Confocal  miciosccipy  showed  these  patches  of  diffuse  basic  fuchsin  staining  in 
fatigued  bone  to  be  comprised  of  very  fine  matrix  cracking  at  the  sub-lamellar  level 
(<5  pm)  size  order  in  bone.  (Figure  2),  Occasional  foci  of  dye  uptake  were  observed 
within  regions  of  identifiable  matrix  nodcrocracking,  for  which  no  cracks  could  be 
resolved  using  confocal  microscopy.  As  the  maximuni  lateral  resolution  of  confocal 
microscopy  is  *-200  nanometers,  these  foci  indicate  that  some  damage  occurs  at  even 
finer  levels  of  bo  ns  matrix  structure.  Zioupos  and  Cnrrey,’^^  in  their  recent  studies 
of  fracture  toughening  mechanisms  in  bone,  reported  similar  early  mechanisms  of 
matrix  failure.  The  principal  bone  matrix  stniciures  at  the  level  of  organization  of 
these  very  small  cracks  in  bone  are  hydroxyapatite  crystals  and  ihcir  aggregates, 
suggesting  that  early  matrix  failure  in  bone  miglrt  occur  principally  at  die  level  of 
these  structirres- 

bi  summary,  compact  bone  undergoes  fatigue  and  sustains  matrix-level  darnage 
as  a  result  of  cyclic  loading  at  the  magnitudes  of  stress  or  strain  tliat  can  be  generated 
with  habicual  physiological  activities.  However,  at  these  same  stresses/strains,  fatigue 
does  not  progress  to  failure  within  a  time  frame  consistent  with  the  development  of 
stress  fractures  in  v/vo.  These  data  suggest  that  other  mechanisms  must  be  involved 
in  the  de^^elopmeet  of  so-called  fatigue  or  stress  [racmios  in  vivo. 

Studies  show  that  different  amounts  of  fatigue  in  compact  bone  lead  to  different 
amounts  of  microdamage,  but  also  to  different  qualities  of  the  damage  prCs^icnt 
diffuse  reairix  microdamage  early  in  fatigue;  typical  microeracking  later  in  fatigue). 
It  is  well  established  in  materials  science  that  mjerodamage  content  (quality  and 
quantity)  compromises  the  residual  (remaining)  rueclraaical  properties  of  a  maccrial. 
Diminished  residual  properties  in  bone  after  fatigue  were  first  demonstrated  by  Carter 
and  Hayes.^  Ju  order  to  assess  how  different  amounts  and  ty^pes  of  damage  with 
different  levels  of  bone  fatigue  alter  fimctional-mcchaiiical  properties,  Boyce  et  al.® 
examined  the  residual  properties  of  human  compact  bone  after  fatigue,  using 
matched  contralateral  femurs,  to  those  used  in  fatigue  experimentE  described  in  the 
preceding  section.  After  completion  of  fatigue  loading,  specimcn$  were  tested  mono- 
tonically  to  failure.  Residual  properties  of  ultimate  stress  (strengtin)^  ultimats  strain, 
and  work  to  fracture  were  measured  from  stress-strain  curv'es.  Among  specimens 
loaded  to  die  lower  level  of  fatigue  (15%  modulus  decrease),  residual  stress,  strain, 
and  work  to  fracture  were  reduced  in  general  proportion  to  the  amoum  of  modulus 
degradation.  In  contra^;!,  bone  specimeus  fatigued  to  greacer  levels  (30%  modulus 
decrease)  sherwed  losses  of  ulnmate  strength  and  work  to  fracture  fax  greater  than 
expected  based  on  the  stiffness  changes  in  these  specimens  (<57  and  76%  reductions, 
respectively).  Most  striking,  however,  is  that  bone  specimens  fatigued  to  the  higher 
le^'^el  of  fatigue  showed  effectively  no  post-yield  deformation  (Figure  4).  In  other 
words*  the  accumulation  of  fatigue  damage  caused  a  disproporrionate  ],oss  of  the 
ability  of  bone  to  withstand  a  catastrophic  fracture. 


REMODELING  AND  REPAIR  OF  MICRODAMAGE  IN  BONE 

Unlike  synthetic  engineering  materials,  bone  is  capable  of  detecting  and  repairing 
fatigue  damage  at  the  nucroscopic  level.  Numerous  investigators  have  suggested  that 
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Load-displacement  characteristics  for  human  compact 


bone  at  different  fatigue  levels 


Fi  gur&  4  Residual  mech  ani  c  a  I  props  riESS  for  bone  spec!  mans  alte  r  d  ittere  nt  amoun  ts  of  fatig  u  q. 

Non-fatJgued  bene  shows  v;ell-definecf  elastic,  ylafd,  and  plasHc  rsgrons  of  th«  loading 
CUPJB.  At  a  mQdsst  level  of  fatigu©  {15%  modulus  decrease),  the  bone  mechanical 
praparties  are  nsduced  in  close  proportion  to  the  Induced  fatigue  IsvgI.  At  the  higher 
fetigue  level  (50%  modulus  loss),  hone  stiffness  and  strength  ars  reduced  propor¬ 
tions  fly,  Howevarj  the  load-dreplaceiYient  curve  no  longer  shows  a  yield  point  or  any 
post-yield  region.  Tliese  data  show  that  higher  levels  of  fatigue  cause  a  dispropor¬ 
tionate  loss  of  bone'e  fracture  toughnesSf  or  tha  ability  of  bone  to  withstand  fracture. 


a  priraaiy  function  of  osteonaj  remodeling  in  the  adult  skeleton  iis  reparative:  remod¬ 
eling  serves  to  remove  and  replace  fatigue-damaged  regions  of  compact 

Spocifically,  repair  of  matrix  microdamage  occurs 
through  a  microscopic  “drill  and  fill”  process,  in  which  osteoclasts  tunnel  into  bone 
and  remove  damaged  regions.  Osteoblasts  then  concetitrically  fin  in  the  resoipdon 
space,  forming  a  completed  osteon.  The  iiemodcling  repair  response  is  siimmftrbxd 
schematically  in  Figure  3,  How  bone  remodeling  units  (tunneling  osteoclast  followed 
by  osteoblasts)  target  damaged  areas  of  bone  is  not  understood.  OsteocytesS,  the 
resident  cells  buried  within  the  nuneralized  matrix  of  bone,  appear  to  play  a  critical 
role  in  this  process.  Indeed,  despite  the  widely  held  concept  that  bone  remodeling 
funedons  in  tha  repair  of  microdamage,  empirical  data  demonstrating  this  basic 
physiological  mechamsm  are  scant,  owing  to  the  difficulty  and  complexity  of  per¬ 
forming  such  studies. 

Bull,  Maido^  Schaffler,  andRadin,^^  and  Mori  and  Burr’^  showed  experimentally 
that  bone  resorption  spaces  are  associated  with  remodeling  of  linear  microcracks  in 
experimentally  loaded  canine  compact  bone.  Recently,  BentoliJa  at  al.^  reported  an 
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ngure  S  Schematic  diagram  showing  microdemage  In  compact  bone  and  targeted  removal 
of  the  damage  by  osteoclastic  resorption. 


in  vrvo  fatigue  model  based  on  end-load  ulnar  bending  in  aduit  rats,  in  which  bone 
fatigue  levels  can  be  monitored  as  changes  in  whole  bone  stiffness.  After  fatigue 
loading,  bone  remodeling  was  activated  and  w'as  observed  in  association,  with  both 
linear  iiii.ciTocracks  and  areas  of  diffuse  matrix  damage-  Remodeling  was  effective 
in  removing  both  damage  types  from  the  hone.  Recent  studies  by  Mashlba  and  co- 
workers™  have  taken  a  different  approach  to  examining  the  relationship  between 
microdamage  and  rcthodding  in  normal  bone  physiology.  They  found  djat  inhibiting 
bonercumdoling  in  nornially  active  dogs,  using  two  types  ofbisplnosphonate,^  leads 
to  a  significant  increase  in  bone  microdamage  content  in  the  axial  skeleton  (ribs  and 
vertebral  bodies)  as  well  as  ih  long  bones  (femurs) .  These  experiments  show  very 
convincingly  that  without  an  active  remodeling-repair  system,  microdamage  will 
accumulate  in  skeletal  tissues  as  a  result  of  normal,  mechanically  norainal  levels  of 
mechanical  usage. 

The  cellular  mechaniams  by  which  groups  of  osteoclasts  target  regioms  of  bone 
for  resorption  are  unknown.  However,  it  is  reasonable  lo  presume  that  nsteocytes, 
the  only  cells  embedded  in  the  bone  matrix,  would  be  involved.  Osteocyt.es  and  their 
elongated  rel]  processes  {in  their  lacunae  and  canalicuK,  respectively)  are  widely 
and  extensively  distributed  tiiroughout  the  bone  matrix.  These  cells  are  attached  to 
their  surronuding  bone  mairix  with  numerous  attachment  molecules,  and  to  toeir 
neighboring  cells  through  electrical  connections  known  as  gap  jimctions.®'-^*  Osteo- 
cytes  are  Jiighly  responsive  to  Tncchanical  i.oading.®^*^*^^  Ivlatrix  disruption  from 
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microdEimage  om  be  expected  to  ditectly  injure  osteocytes,  disrupt  their  attachments 
to  bone  matrix,  interrupt  their  commoDicadon  tbrongb  canalicular  cellular  and  fluid 
flow  processes,  or  alter  their  metabolic  exchange.  When  osteocytes  arc  lost  from 
bone,  complete  fatigue  fracture  occurs.  Examples  include  radiadon-jpduced  death 
of  osteocytes, allograft  bone^  aud  avascular  uecrosis:'^^  Dunsian  et  showed  that 
the  absence  of  osteocytes  is  associated  with  hip  fracture.  Osteocytes  arc  focally  lost 
in  areas  of  miCTocrack  accumulation  in  aging  human  boTie.®'^ 

The  involvement  of  osteocytes  in  hone  fatigue  and  remodeling  was  recently 
demonstrated  by  Verboigt  et  al.^^  using  tiie  rat  in  viva  fatigue  model.  They  found 
that  with  fatigue  in  vi^>o,  osteocytes  surrounding  roicrocracks  are  injured  and  undergo 
m  ordered  cell  dtaintegration  process  following  a  genetically  regulated  program, 
i.c,,  apoptosis.  Regulated  cell  death  is  the  ubiquitous  biological  process  by  which 
cells  break  down  at  the  end  of  their  ftmctioral  with  the  resulting  cell 

breakdown  products  targeted  by  phagocytic  ceUs.  Osteoclasts  belong  to  the  phago¬ 
cytic  cell  lineage.  Osteocyte  apoptosis  has  been  observed  in  other  metabolic  situa¬ 
tions  associated  with  bone  reporptign.^'^'^^  Thus,  osteocytes,  and  in  partLcular  the 
events  surrounding  thejr  death,  appear  to  provide  a  key  pari  of  the  signaling  process 
by  which  osteoclasts  target  microdaTnaged  bone  for  removal  and  focal  repair. 

Left  undetected  and  unrepaired,  the  accumulatioa  of  microdaroage  in  bone  loads 
to  compromised  mechanical  properties  and  bone  fragility.  Damaged  bone  has  signif- 
icgjQtly  reduced  mechanical  properti  es  in  terms  of  stretigth  and  stiffness,  and  especially 
fracture  toughness.  Even  small  amounts  of  ultrastructurally  based  microdamage  asso¬ 
ciated  with  early  fatigue  will  compromise  the  functional-mechanical  properties  of 
bone.  Fatigue  damage  has  both  mechanical  and  biological  consequence's.  Stress 
fractures  are  the  obvious  application  of  the  damage  and  repair  concept  in  bone. 
However,  bone  oiicrodaiuage,  repair,  and  fragility  are  also  implicated  in  bouc  aging, 
bone  implant  failure,  and  fractures  associated  wltin  long-term  u.sage  of  drugs  that 
suppress  bone  remodeling  Suppiessiag  reroodeljng  may  allow 

damage  accumulation  that  will  have  deleterious  mechanical  consequences. 


HOW  DOES  STRESS  FRACTURE  OCCUR? 

There  arc  two  hypotheses  regarding  the  causes  of  stress  fractures.  One  hypothesis 
holds  that  stress  fractures  are  the  result  of  the  accumulation  and  growth  of  microc- 
racks  vdthin  the  bone.  Tn  tiiis  view,  stress  fractures  are  considered  a  purely  mechan- 
jcal  damage  occEirrence,  i.e.,  fatigue  failure  of  the  skeleton.  However,  fatigue  to 
fracture  as  the  piimaiy  mechanical  causation  for  stress  fractures  is  not  supported  by 
the  experimental  data  (reviewed  above).  Alternatively,  stress  fracture  has  also  been 
\^oiJsi]y  described  as  being  priniarily  a  biological  process  in  which  bone  remodeling 
processes  ajid  periosteal  reactioo  coostitule  the  key  features.  However,  there  is  little 
direct  data  on  the  pathophysiology  of  stress  fractures.  Attempts  to  understand  the 
stress  fracture  process  from  human  clinical  studies  have  met  with  only  limited 
success  because  of  die  inability  to  study  bone  tissue  mechanisms  directly.  Mecha¬ 
nistic  studies  have  not  been  performed  in  aqixrial.s  because  of  lack  of  a  suitable 
experimental  system  until  recently 


BONE  FATIGUE  AND  REMODELING  IN  DEVELOPMENT  OF  STRESS  FRACTURES  171 


Of  ihe  few  studies  of  human  stress  fracture  tissues,  those  of  Jolmson  and 
co-workers, from  the  Armed  Forces  Institute  of  Pathology,  stand  out  as  the  most 
critical  i.Ti  gaining  insight  Into  the  physiology  of  stress  fracture  processes  (niso  See 
Moms  and  Bliokeustaff^  for  detailed  discussion  of  Jolmson's  work).  They  obtained 
biopsies  of  stress  fraclure  lesions  from  military  recruits*  Johnson  observed  woven 
bone  reactions  in  numenoiis  samples-  Perhaps  most  significantly,  however,  focaJly 
increased  iutracorticaj  remodeling  was  observed  at  stress  ftacture  sites^  even  in.  the 
absence  of  any  woven  bone  response,  Johnson^'s  studies  were  based  on  histopatho- 
logical  biopsies  of  the  lesions,  taken  at  sin^e  time  points,  and  therefore  did  not 
systeinacically  examine  the  underlying  development  or  physiology  of  the  stress 
fracture  lesions*  Nevertheless,  these  data  indicate  tliat  increased  iutracortical  reniod- 
eling  is  one  of  the  earliest  and  most  projminent  features  in  human  stress  fracture, 

The  association  of  remodeling  and  damage  is  supported  by  the  stress  fracture 
biopsy  study  presented  by  Mori  in  Chapter  1,0*  Photormcrographs  of  the  biopsy  show 
accumulafion  of  both  diffuse  dainage  and  multiple  linear  ijiicrocracks  in  the  region 
where  the  stress  fracture  occurred.  Moreover,  the  bone  sunounding  the  damaged 
regions  is  highly  porous  because  of  die  presence  of  numerous  active  resorption 
cavities  which  are  actively  removing  fhe  damaged  bone-  These  observations  show 
that  extensive  microdamage  is  associated  with  the  stress  fracture  and  that  bone 
mounTs  a  repair  reaction  that  will  ultimately  remove  this  damage. 

Milgrom  and  co-workers  in  IsraeP-^^  examined  the  time  course  of  development 
of  stress  fraetures  among  military  recruits  using  serial  bone  scans.  They  found 
that  scintigraphic  activity  in  bones  destined  for  stress  fracture  ],ti creased  significantly 
well  before  the  existence  of  any  ixicrcase  ir  observable  periosteal  reaction.  Early 
increased  uptake  provides  mtriguing,  albeit  indiiect  evidence  that  increased 
bone  tiumovcr  processes  may  be  a  significant  early  component  in  the  development 
of  stress  ffactuxes- 

Recently,.  Stover  and  colleagues reported  histopatbological  data  from  race¬ 
horses  with  stress  fractuiie  that  suggest^  that  iucreased  remodeling  precedes  the 
occuirence  of  microdamage  in  stre?;?  fracture,  Tliey  obtained  paired  long  bones  from 
horses  that  had  soffered  complete  (catastrophic)  stress  fractures  of  one  limb.  Cortical 
bones  adjacent  to  the  fracture  sites  showed  elevated  intraconical  porosity.  Most 
remarkable,  however,  is  that  comparable  increases  of  iutracortical  porosity  were  also 
present  at  tlie  same  locations  of  the  contralateral  non -fractured  long  bonesr  Eased 
ou  these  findings,  the  authors  suggested  that  mcreased  intracortical  porosity  migJit 
be  a  necessary  prerequisite  to  the  development  of  stress  fracture.  As  these  were 
single  lime  point  studies,  questions  about  tic  exact  role  of  ti.is  mcreased  bone 
turnover  iu  the  pathogenesis  of  stress  fracture  were  not  addressed, 

U  et  al.^  lepotted  experimental  serial  histological  observations  on  the  develop¬ 
ment  of  stress  fractures  id  m  animal  model  (Chapter  14),  They  produced  stress 
fracture  in  rabbits  by  a  chronic  repetitive  activity  modcL  Animals  were  forced  to 
jump  and  run  in  their  cages  for  several  hour^  per  day  for  two  months.  Li  et  al.  found 
that  initial  intracortical  remodeling  of  the  tibid  diaphysis  was  the  earliest  observable 
change  f.u  the  stress  fracture  sequence,  with  increased  vasculrtrity  and  osteoclastic 
resorption  evkl^t  within  the  first  week  of  repetitive  loading.  Periosteal  reaction  was 
not  evident  until  the  onset  of  i.utracoitical  resorption. 
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Iti  our  laboratory,  ^ve  have  developed  an  experimental  Hnima].  model  for  sHesa 
fractures  m  rabbits,  using  repetitive  impulsive  Jaading  of  hindlimbs  (Chapter  1 
Microfractures  of  ttabeculax  bone  and  remodeling  of  the  subchondral  bone  are  a 
well  established  consequence  of  the  repetitive  impulsive  loading  model. 
Adapted  for  use  in  diaphyseal  bone,  this  model  reproduces  the  scmiigraphic  anti 
radiographic  changes  typically  observed  with  stress  fractures,  including  progressive 
increase  in  uptake  in  bone,  periosteal  callus  formation,  and  presence  of  micro¬ 
scopic  craclcs  within  the  bone.^^^’^  In  this  motjeb  hindlimbs  of  skeletally  mature 
rabbits  were  loaded  to  produce  tibial  diaphyseal  stress  fractures.  Briefly,  right  hind¬ 
limbs  were  subjected  to  repetitive  impulsive  loading,  using  a  cam-driven  loading 
device.  Loading  is  at  1.5  time  body  weight  for  a  50  millisecond  c>xle  duration  at 
1  Hz,  Aniraa.15  receive  2400  load  cycles  daily  Ttus  regiine  cairses  stress  fracture  in 
the  distal  tibial  diaphysis  after  five  to  six  w'ceks  of  loading. 

In  the  first  series  of  experiments  using  this  model,  Burr  et  showed  that  stress 
fractures  in  rabbits  result  from  repetitive  cyclic  loading  at  low  stresses.  The  lesions, 
which  occurred  in  the  distal  third  of  the  tibial  dlaphysis,  were  characterized  at  the 
organ  level  by  progressive  increases  in  bone  activity,  follow^ed  latex  and 

variably  by  a  periosteal  jeactlon  (Figure  6).  In  subsequent  studies,^®  we  measured 
tibial  diaphyseal  strains  at  the  stress  fracture  site  in  the  range  of  500  to 
1000  mxcrosirain,  which  is  within  the  noima]  physiological  strain  range  (see  above 
discussion).  Strain  rate^^i,  though  increased  somewhat  over  normaf  were  also  within 
the  range  reported  for  normal  locomotor  activities.®^ 

Recently,  Schaffler  and  Boyd^*^^  examined  bone  tissue-level  responses  in  the 
development  of  stress  fracture  in  die  rabbit  stress  fracture  model.  They  showed  that 
increases  m  intracortical  porosity  precede  the  accumulation  of  bone  microdamage 
in  experimentally  induced  stress  fracinre  in  this  model.  Intracortical  nemodelitig  at 
the  stress  fracture  site  was  markedly  increased  by  three  weelcs  of  loading,  with  the 
number  of  resorbmg  sites  increased  almost  sixfold  over  control  levels  (Figure  7a), 
Intracortical  remcxJelmg  activity  was  fiirtheT  increased  by  six  weeks  of  loading,  with 
resorption  number  increasecl  more  tlian  tenfold  uv^'T  control  levels).  Resorption 


Figure  6  bon©  scans  of  rabbtt  tibiae  during  devsinpment  of  experimental  strsss  fraotute. 

Arrowa  indicate  increased  isotope  uptake  in  distal  dlaphysss  of  loaded  limbs  after  3 
and  S  weeks  of  loading.  Lesion  sewority  progresses  from  3  to  6  weeks. 
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Intracortical  resorption  activity  in  rabbit  tibiae 
during  development  of  stress  fracture 


Weeks  of  Loading 

Figure  Ta  Intracorticef  resorption  ecMvUy,  as  measured  from  resorption  space  number,  at 
stress  fracture  site  in  rabbit  distal  tibiaE  dEaphyaes  after  3  and  6  weeks  of  repetitive 
bading.  Significance  values  are  shown  relative  lo  internal,  nonloaded  contrcE  limbs. 

occurred  priraa.rily  m  tiae  anterior  aiid  posterior  dbial  cortf  ces,  correspondi’n^  to  the 
location  of  stress  &acti3re  and  highest  strain  rate  in  this  model.  Bone  microdamage 
was  not  observed  in  control  bones  or  experimentally  after  three  weeks  of  loading* 
By  six  weeks  of  loading,  there  was  a  significant  increase  in  flie  number  of  microc- 
racks  observed  in  diaphyses  Figure  7b.  Typically,  these  were  small  cracks  (mean 
length  =  24  ±  7  pm).  In  addition,  microcracks  were  observed  only  in  those  areas  of 
the  cortex  that  were  undergoing  intracortical  remodeling  (Figure  7c).  Acute  fatigue 
loading  expciimenb;,  in  which  the  equivalent  of  six  weeks  of  loading  was  perfoTToed . 
in  one  day  showed  little  micTodaTnage  induced  by  the  loading  alone  (Figure  7b), 
confirmiDg  that  rapid  microdamage  accumulatiocL  occurred  only  in  the  presence  of 
increased  bone  remodeling. 

The  stimulus  for  aedvadon  of  new  remodeling  sites  in  these  experiments  is  not 
clear,  as  the  experiinenta]  stress  fracture  she  experiences  a  complicated  series  of 
changes  relative  to  baseJine  in  normal  rabbit  tibiae.  These  changes  include  altered 
strain  distribution,  increased  loading  rate  with  concomitant  high  frequency  signal, 
and  small  amounts  of  microrbmage*  all  of  which  have  been  shown  to  activate 
intracortical  remodeling.  Otter  and  co- workers^  recently  put  forth  the  iotriguing 
hypothesis  that  madequate  bone  perfiisiou  and  reperfusiou  type  injury  in  bone  under 
chronic  loading  also  be  a  atiiDuIiJs  to  activate  bone  remodeling  hi  stress 
fracture.  Thug,  several  lines  of  clinical,  hi stopatho logical,  and  experimental  data 
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Rabbit  stress  fracture:  Microcracks  in  tibiae 
after  acute  ts  6  wks  chronic  loading 


104 


Acute  fiwkLoad  6wkCTL  Acute  CTL 


RgureTtj  Microcrack  content  at  stress  ftacfura  sit©  in  rabbit  distal  tibJal  dJaphysas  after 
6  weeks  of  daily  (chronic)  loading  vs)'sljs  acuta  loading  (continuous  loading  tor 
20  hours  !o  produco  equivalent  number  of  oyolee  to  weeks  of  daily  loading). 
Acute  folding,  whioh  occurs  without  increases  ifi  intracortical  fBmodeling,  results 
In  a  slight  increase  in  bone  microdamage  content.  Chronic  loading*  which  occure 
in  the  presence  of  significant  tn creases  in  bone  rsmcKieling,  causes  a  dramatic 
increase  in  microdamage. 


show  that  increased  bone  remodclmg  occurs  early  in  the  stress  fracture  process. 
Activatioii  of  local  icmodcliitg  activity  results  in  focalJy  increased  bone  porositv. 
Accordingly,  increased  intracortical  porosity  may  be  necessary  for  the  later  rapid 
accamulation  of  bone  ihicrodaniage  and  development  of  stress  fracture. 


HOW  CAN  INCREASED  REMODEUNG  DRIVE  MICRODAMAGE 
ACCUMULATION  IN  BONE? 

A  number  of  studies  demonstrate  that  increased  mcracortical  fcinodelin,g  results 
from  increased  cyclic  loading att  direct  mechanical  effects  (strain  distribu¬ 
tion,  strain  rate,  frequency),  matrix,  microdamage,  and  local  cytokines  among  the 
possible  s^uli  for  aettvating  nimover.  While  the  specific  stimulus  for  activation  of 
increased  intracortical  remodeling  remains  unclear,  these  studies  all  support  the  idea 
that  early  remodeling  occurs  with  increased  mechanical  usage.  In  1990,  Schaffiat, 
Radin,  and  Buir  proposed  a  hypothesis  for  how  elevated  intracortical  remodeling 
.might  drive  the  stress  fracture  process.  They  argued  that  increases  in  intracortical 
porosity,  resulting  from  activation  of  intracortical  remodeling,  will  have  a  dramatic 
effect  on  (greasing  the  stifiness  of  cortical  bone.  Continued  loading  of  this  focally 
osteoporotic  bon  e  will  increase  local  stresses  and  strains,  accelerate  bone  luiciodam- 
age  accumuUrion,  cause  periosteal  hypertrophy  and,  ultimate, ly,  result  in  stress 
fracture.  In  essence,  stress  fracture  would  result  when  mechanical  loading  is  sus- 
tamed  on  a  region  of  high  turnover  bone,  creating  a  positive  feedback  loop  leading 
to  fracaire.  as  summarized  in  Flgiore  S  (see  Chapter  12). 
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Figure  7C  Confcicat  photomicrograph  of  rabbit  tibiai  compact  booa  at  6  wQ«ks  of  loading. 

showing  Fntt^cortical  resorption  (Rs)  and  new  osieon  (Oa)  in  association  with  bon© 
microdamage  (McJx  arrows)  (plold  width  =  400  urn). 


latracoriical  remodeling  begin  s  by  activation  of  new  remodeling  sites  and  recrait- 
ment  of  bonc  ceils  to  the  active  surface.  In  the  first  phase  of  remodeling,  osteoclasts 
resoib  pie-exisling  bone,  resulting  in  more  and  larger  porosity  within  the  cortex.  In 
humans,  the  resorption  phase  is  estimated  to  last  for  about  six  to  seven  weeks, 
TTius,  increased  intracortical  remodeling  results  in  increased  bone  porosityj  which 
lasts  several  months  after  onset,  As  a  consequence  of  che  increase  in  remodeling 
space^  void  porosity)  volume  in  bone  expands  at  the  expense  of  bone  tissue 
volume  (tota]  tissue  volume  =  bone  volume  -F  porosity).  Numerous  mvestigations 
have  shown  that  5ti.ffhe,ss  of  bone  decreases  with  decreasing  bone  volume  (or  increfising 
porosity),  following  a  power-law  type  relationship.  In  trabecular  bone,  stiffness  is 
proportional  to  the  cube  of  bone  volume, Compact  bone  sdffiicss  is  even  more 
highly  dependent  on  mass.  Schaffier  and  Burr  found  that  stiffness  in  compact  bone 
decreases  to  the  seventh  power  of  decreasing  bone  volume,  mdicating  that  the 
stiffness  of  compact  bone  is  profoundly  sensitive  co  its  porosity  or  bone  volume.'’'' 
Similar  exponential  relationships  for  compact  bone  stiffness  and  density/porosity 
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Hypothesis:  Pathophysiology  of  Stress  Fracture 


i 


Stress  Fracture 


Rgure  S  Schsmatlc  diagram  summarizing  the  mechanism  hypclhesized  for  development  of 
$tress  fracrcune,  wherein  [ncrsased  bona  ramodellng  and  porosrty  {resulting  from 
irrcreasad  mechanical  usage)  are  a  prerequisite  for  the  devoiopmont  of  stress  frac" 
tures.  Increased  local  strains  during  continued  loading  would  accelerate  the  accu¬ 
mulation  of  bone  mfcrodaniage  and  the  development  of  stress  fracture  In  a  positive 
feedback  type  manner. 

were  reported  recently  by  Les  et  confirming  that  compact  bone  stU&ess  changes 
dramatically  in  response  to  small  changes  in  mtracortical  porosity  or  bone  volume* 
The  recent  mtheraadca]  model  for  stress  fracilire  development  by  Martm®  is  of 
particii].ar  interest  m  this  regard  (Chapter  12).  Using  a  feedback  model  to  examine 
the  efifects  of  increasing  porosity  on  the  mechauica]  properties  of  compact  bone  and 
development  of  stress  fracture,  Martin  showed  that  there  is  a  cntical  porosity  —  load 
inter  action  threshold.  Once  this  point  is  reached,  through  increased  bone  porosity 
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and/or  through  increased  local  loading,  Martin  demonstrates  tliat  the  system  becomes 
unstable  (i.e*,  positive  feedback),  and  bone  fails  rapidly  and  catastrophically. 

In  summary,  eTcpenmeTita]  data  and  several  lines  of  clinical*  hiatopathological 
data  support  the  idea  of  a  complex  inteiplay  between  mechanical  loading  and  bone 
rcmodc^g  in  the  etiology  of  stress  fractures.  While  bone  readily  sustains  fatigue 
microdamage  during  the  course  of  repeated  loading  at  the  stresses  or  strains  encoun¬ 
tered  in  normal  activities,  i,t  does  not  lead  to  fracture  in  the  time  course  seen  for  the 
development  of  stress  fracture.  The  model  tiiat  best  eixplains  the  development  of 
stress  fracture  is  that  of  a  biologically  {remodeling)  driven  damage  accumulation 
system*  In  this  model,  stress  fracture  occurs  as  a  posidve  feedback  mechanism 
(Figure  8),  wherein  increased  mechanical  usage  sritnulaies  bone  turnover,  which 
results  in  focally  increased  boue  remodeling  space  (poxosity)  and  decreased  booe 
mass.  There  U  a  wide  range  of  factors  {low  level  fatigue,  altered  mechanical  loading, 
injuiy^  cytokines*  vascular)  that  can  potentially  activate  local  bone  remodeling*  All 
of  these  can  occur  in  the  development  of  stress  fracture.  With  continued  loading  of 
this  focally,  transiently  osteopenic  hone,  local  stresses  would  be  markedly  elevated, 
leading  to  accelerated  matrix  damage  and  failure.  Fracture  ig  the  result  of  continued 
repetitive  loading  superimposed  on  the  decreased  bone  mass  caused  by  more  and 
larger  resorption  spaces 
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Prestress  Due  to  Dimensional  Changes  Caused  by  Demineralization: 
A  Potential  Mechanism  for  Microcracking  in  Bone 
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Abstract — Microcracking  in  bone  due  to  internal  strains 
caused  by  mineralization  is  a  possible  mcchatiiara  of  damage. 
Sitnilar  claTnagc  can  be  jiccn  itt  other  biological  composites 
sijch  as  trees  experiencing  growth-related  prestrcsuca,  Dijnen- 
sional  changes  in  eorticai  bone  due  to  dcmineralizaiion  and 
cxpcrimeciTal  glycation  were  studied  to  test  whether 
minemli^nticrn-rftlated  pmshams  tire  consistetit  with  observed 
tnicrocracking  patterns  in  bone-  A  micrciscopy  technique  that 
enables  wet  TncaRuremenis  of  length  and  migle  of  milled  bone 
Specimens  was  used.  Dcmincfalizaiion  of  bovine  !ind  human 
bones  caased  aignificani  anisotropic  changes  in  tissue  size.  Di¬ 
mensional  changes  due  to  demineraii^adon  in  bovine  bone 
were  prevented  or  reduced  when  collagen  cross  linkitig  was 
inci’eascid  by  gly cation.  The  din^cniiiona]  chiingos  of  bone 
cauijcd  by  demincTaMzatioti  arc  consisisut  with  the  hypothesis 
chat  mmerultzati on-caused  stresses  in  remodeling  tissue  can 
cause  microcracks-  ©  2002  Bionjedival  Er^gin^Grin^ 

[DOI:  10. 11 14n  .1451078] 

Keywords* — Cortical  bone,  DcminemlLiwdoTi  prestress,  Micro- 
erracking,  Coll^gcTi  cross- linking,  Glycntion,  Anisotropy 

INTRODUCTION 

Bone  jnicrodamage  has  been  of  con^ideiablt  inifirej^t 
during  the  past  few  decades  due  to  its  deletei'iotis  c fleet 
on  mechanical  properties  and  fractu,rc  susceptibility,’^ 
Studies  of  in  vivo  microdaniagc  show  that  microdamage 
content  increases  with  a^e  in  human  cortical  bone,  sug¬ 
gesting  that  age-related  bone  fragility  may  be  associated 
with  microdatnage.^^*^*^  It  is  believed  tliat  the  micro¬ 
cracks  in  bone  are  faiigue  cracks  caused  by  physiological 
iciading  activities,^" 

The  majority  of  in  vivo  micro  cracks  pf  human  conical 
bone  a:i'e  found  in  the  interstitial  bone  and  the  osteonal 
cement  lines. These  sites  of  in  vivo  microcracking 
are  also  common  in  human  trabecular  bone  It  is  be¬ 
lieved  that  cracks  inittflle  in  the  interstitial  matrix  as  a 
result  of  fatigue  loading  or  overload  an.d  become  trapped 
m  cement  linos  that  are  thought  to  be  compliam 
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Microciack  morphology  due  to  ex- 
pcrimentiil  loading,  however,  can  be  different  from  the  in 
vivo  pattern  depending  on  the  loading  regime  and  ioacl- 
ing  Although  it  is  dear  that  loading  causes 

microcraclcs  in  bone,  it  is  not  certain  that  loading  is  tJte 
only  cause  of  the  large  number  of  in  vivo  microcracks 
found  in  and  around  the  ccincnt  lines. 

In  biological  composites,  internal  stresses  can  bc  gen- 
eratccl  by  the  grovring  material.  A  {ypic^^  example  of  this 
arc  the  growing  stresses  in  There  arc  Icm- 

gitudinal  compressive  and  tensile  stresses  in  the  inner 
and  outer  part  of  a  tree  trunk  and  circumferential  stresses 
that  prevent  splitting  along  the  rays  that  are  the  radial 
load  c^inying  strncturesJ'^'^^  Although  these  siresses  arc 
usually  attributed  to  the  mass  of  the  growing  tree,  non¬ 
zero  prestraina  observed  in  the  roots  suggest  that  soma  of 
them  are  a  result  of  wood  djevclopmeni  - 

A  mccbanism  for  mj  croc  racking  at  osteonal  cement 
lines  in  cortical  hone  is  stress  between  the  new  osteon 
and  die  old  matrix  genctated  by  the  miuorah^ntiou  pro¬ 
cess  analogous  to  growing  stresses  in  trees-  Bone  is 
known  to  he  a  prosirained  and  the  results 

of  previous  studies,  showing  dimensional  changes  in 
demmcralizcd  bone,  suggest  that  increasing  mineraliza¬ 
tion  plays  a  rolc  in  generating  prCSiruins  in 
In  this  study  we  per  formed  a  series  of  experiments  10 
gain  more  insight  into  mineral  izati on -related  strains  in 
bone  by  studying  the  inverse  probJera  of  dhnensional 
changes  related  to  demineralization.  In  pariicular,  we 
concetitraied  on  different  anatomical  orientations  in  min¬ 
iaturized  sped  metis  of  human  and  chemically  altered  bo¬ 
vine  bone.  We  expected  to  ftnd  signtfleant  strains  upon 
deminemlizatiou  and  that  these  strains  would  suggest 
mechanisms  of  matrix  expansion  during  mineralization 
consistent  with  observed  in  vivo  microcrackiug  patls^rns, 

MATERIALS  AND  METHODS 

In  order  to  assess  the  relative  contribution  of  miner¬ 
alization  and  cross  linSong  on  the  prestxesses  in  bone, 
bouc  dimensions  were  measured  before  and  after  decal- 
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cificaiion  on  conical  bone  specimens  with  stand ardiz-ed 
geometry  machined  from  bovine  tibiae  and  a  human  fe¬ 
mur  Specimens  with  500  ^m  thickness  were  si  iced  from 
rectangular  conical  bone  beams^  lidght  and  width  of 
which  depended  on  the  source  bone,  using  a  low-speed 
diamond  saw  (model  660,  South  Bay  Technology*  Inc,* 
Temple  City,  CA).  Although  the  values  of  lieight  and 
width  were  scattered  betw^cctl  e^tperiTtiental  groups  (the 
tnea-tY  values  were  2.73-5.46  mm.;  the  coef6ci(mt  of 
variation  of  means  between  groups  was  0-22),  the  vari" 
ability  within  groups  was  low  (coefficient  of  variation 
was  <0.06  in  each  group}.  A  pencil  mark  was  made  orr 
a  corner  of  each  specimen  as  a  reference  point  for  the 
anatomical  orientation  of  that  specimen.  Measurements 
of  initial  and  postdccfllci  15 cation  specimen  dimensions 
were  performed  using  an  ip  vetted  microscope  (Diaphot 
TM.D,  Nikon.  Tokyo.  Japan)  with  the  specimens  in  40  ml 
of  saline  or  decalcifying  solution  iu  a  Petri  dish.  The 
images  were  captured  using  NIH  IMAGE  software  (version 
1.61,  National  Institutes  Of  Health)  and  a  charge- 
coupled-dcvicc  (CCt>)  camera  (C 24 60- 60,  HamatnaiSU 
Photonics  K.  K.,  Hamamatsu  City.  Japan).  The  light  in¬ 
tensity  on  the  microscope  was  kept  at  the  same  value  for 
all  measurements.  Lengths  from  four  edges  and  angles 
from  four  corners  were  measured  before  and  after  each 
procedure  using  NTH  image.  The  calibration  of  the  whole 
system  was  done  with  a  stand calibration  slide.  The 
length  and  angle  mcasurctnerts  were  repeated  five  times 
oji  one  of  the  specimens  at  different  times*  by  mounting 
and  remounting  the  specimen.  The  measuieTncnt  error 
was  ie&s  than  0,007  (coefticiem  of  variacion  of  the  mea¬ 
sured  values)  for  both  length  and  angle  measurements. 

To  test  the  idea  that  mineral  significantly  concrihuteR 
to  prestrcsscs  in  bone,  measurements  of  bone  dimensions 
were  pcTfomicd  before  and  after  Tcmoval  of  the  mineral 
with  a  formic  add  (22- 5 sodium  citrate  solution  (100 
g/1).  The  choice  of  formic  add-sodium  citrate  solution 
was  based  on  the  fact  that  decalcifi cation  of  specimens 
witti  a  formic  add-sodium  citrate  solution  is  faster  than 
using  ethylcucdiamine  tetraaeedic  add  (EDTA)  proce¬ 
dures.  The  formic  acid  procedure  also  allows  testing  for 
decal  ciJi  call  on  by  simple  chemical  method  Hoivever, 
we  were  concerned  tliat  the  formic  acid  procedure  might 
damage  the  collagen  during  dccalcificaiion.  In  order  to 
determine  whether  this  would  be  significant  in  our 
experiments  we  conduaed  a  separate  experiment 
comparing  the  amnuut  of  collagen  denatured  by  the  for¬ 
mic  acid  decal  cifi  cation  to  that  denatured  by  EDTA 
dccalcifi  cation. 

For  comparison  of  the  amount  of  collagen  denatured 
by  the  formic  acid  decd.cification  to  that  denaiiirad  by 
EDTA  dccalcification,  cubic  apecinifins  of  apprOxiinatfily 
4  orm  edge  length  were  machined  from  bovine  cortical 
bone.  There  were  six  and  four  specimens  in  the  formic 
acid  and  EDTA  groups,  respectively.  Mflasurcmcni  of 


degraded  collagen  was  perfcrracd  Ofi  the  specimens,  de¬ 
calcified  with  formic  acid  or  EDTA.  using  selective  di¬ 
gestion  of  (Collagen  by  af-chymotiypsin,  as  outlined  by 
Bank  st  The  difference  in  degraded  collagen  between 
the  treatmeni;  groups  was  net  statistically  significant 
(7.0^fi±1.6%  and  8.9%  ±1.6%  for  EDTA  and  formic 
ucid.  respectively;  t-test,  p  — 0.10).  A  power  analysis  re¬ 
vealed  that  the  power  of  the  t-tCSt  was  0  37  and  a  sample 
size  of  13  would  be  necessary  to  achieve  statistical  sig^ 
TiTficance  wkh  power =0.80. 

In  a  recent  study, the  difference  in  degraded  col¬ 
lagen  between  females  and  males  was  up  to  2.2%  in 
baboon  cortical  bone  but  die  diffcrcncca  were  not  statis¬ 
tically  significajit.  In  addition^  there  was  HO  difference  in 
mechanical  properties  of  bone  that  might  have  been 
caused  by  differences  m  degraded  callages  between 
males  and  females.  Significant  differences  in  degraded 
collagen  and  mechanical  pro  petti  es  wtre  noted  in  differ¬ 
ent  age  groups,  The  diffeterce  in  degraded  collagen  be- 
tweetl  age  groups  was  from  2.6%  to  5.3%,  which  is 
larger  than  the  nonpignificaut  difference  between  genders 
in  the  same  study  and  beiwesn  add  treatments  iti  the 
current  study.  Therefore,  the  1.9%  difference  in  degraded 
collagen  between  add  treat ments  is  within  normal  bio¬ 
logic  variability.  Although  it  is  possible  that  a  1,9%  dif¬ 
ference  in  degraded  collagen  between  the  treatment 
groups  will  achieve  statistical  significance  with  a  large 
number  of  specimens,  it  is  reasonable  to  accept  this  vari¬ 
ability  as  a  limitation  iti  the  protocol  because  of  the  very 
long  time  involved  in  decalcification  with  BDTA  and  die 
advantage  of  being  able  to  u$e  a  dec  deification  end-point 
test  for  the  formic  acid  treatment. 

Postdecalcifi  cation  measurements  in  the  decalcifying 
solutions  were  performed  immediately  after  decalcifica- 
don  was  complete^  The  specimens  were  stored  in  saline 
for  a  day  before  repeating  the  postdecal cifi cation  mea¬ 
surements  in  saline.  The  time  required  to  completely 
dccalciiy  the  spccimeiis  was  slightly  different  between 
experiment  groups  as  explained  below.  However,  each 
specimen  in  the  same  experiment  group  was  subjected  to 
die  same  duration  of  O'eatment, 

Experimmt  J  (Boviiw  Bone) 

Tn  order  to  develop  and  test  the  mctbodology  and  also 
examine  the  variations  in  measured  parameters  in  com¬ 
parison  wjth  available  literature,  this  initial  expcrimeai 
was  conducted  with  bovine  bone,  Tibi 3 c  from  the  same 
animal  (unknown  gender  and  age,  although  approxi¬ 
mately  Twe-y car-old  animals  ute  typical  in  the  slaughter 
house)  were  used  to  minimize  iTHerspeciinefi  variability 
Ttn  longitudinal  [radial -axial  (RZ)]  and  ten  Uansverse 
[radial -tangcTitial  (RT)]  (Fig.  I)  specimens  were  pre¬ 
pared,  The  planes  were  named  by  the  two  axes  that  lay 
in  the  plane,  /?  and  T  being  radial  and  tangential,  respcc- 
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FJGURE  1,  Radlfll-targemla)  (hT),  fadtal-axiat  (RZ),  and 
tangenllat-axlai  OZ)*  pfanes  with  reference  to  a  cylindrical 
bone  sect] on. 


tively.  The  2  axis  was  chosen  to  rcprcsem  the  axial, 
directton  as  customary  in  cyhndncal  coordinates-  The 
lengths  of  edges  and  comer  angles  were  measured  in 
saline  solution  as  explained  above.  Following  the  initial 
measufcmeTits,  the  specimens  were  demineralized  iti  a 
formic  add  (22 .5%) -sodium  citrate  solution  (100  g/I). 
The  end  of  the  dec alcift cation  procedure  was  determined 
chemically  using  standard  pTecIpitation  rnethods.^® 
Briefly,  5  ml  of  0.5N  sodium  hydroxide  was  added  to  5 
ml  of  decalcifying  solution  followed  by  1  ml  of  5% 
a.mmoTiium  oxalate.  The  final  mixture  was  observed  for 
turWdity  which  indicates  the  presence  of  calciuin  ions. 
The  procedure  was  repeated  until  the  test  mixture  was 
clear  indicating  that  decalcrficaiior*  was  over.  After  this, 
the  decalcifying  solution  was  replaced  once  more  and  the 
specimens  were  kept  in  the  fresh  solution  tor  an  extra 
day.  The  total  aniouTiC  of  time  l)etween  the  initial  and 
po9lideminerali2alion  measuremenCS,  which  was  iliunaedi- 
ately  after  dccalcification  was  complete,  was  IQ  day?. 
The  demineralized  dimensions  and  anglts  were  measured 
on  Che  same  specimens  in  the  d^alcifying  solution, 

As  the  dimensional  changes  can  be  affected  by  the 
medium  in  which  the  measurcTnents  are  conducted,  wc 
repeated  this  experiment  with  posEdcminefali^ation  nica- 


surctoent?  in  saline  solution  (0^9%  NaCl)  using  another 
set  of  bovine  bone  specimens  in  order  to  assess  tha 
dimensional  changes  due  to  dcmitieralizaiiDn  in  an  envi¬ 
ronment  more  dosiely  resembliiig  the  physiological  envi¬ 
ronment  of  bone-  Five  iongitudinal  (RZ)  and  flve  trans¬ 
verse  (RT)  specimens  were  used.  Dec£^lcifi  cation  was 
complete  after  7  days  in  this  group. 

Expef^imeni  2  Sort^  j 

The  previou.'v  experiment  was  rqieated  using  human 
bone.  Five  longitudinal  (RZ)  and  1(5 ve  transverse  (RT) 
fipecimens  were  machined  from  the  distal  cortex  of  a 
human  femur  of  unknown  age  and  gender.  Folj owing  tlie 
edge  and  angle  mcasUTements^  specimens  were  decalci¬ 
fied  and  the  TncasmctTLcnls  were  repeated  once  in  the 
dCCAlcifyitig  solution  and  once  in  saline  to  determine  the 
response  Of  demineralized  human  bone  in  its  physiologi¬ 
cal  environment.  Decalcification  was  complete  after  7 
days. 

In  order  to  check  whether  tlte  observed  dimensional 
changes  can  be  possible  by  simply  storing  the  specimens 
in  saline^  an  addilional  group  of  nndecakified  specimens 
(five  RZ  and  five  RT)  were  prepared  as  a  control  group. 
Following  iniEial  measurements,  the  specimens  were  left: 
in  saline  for  the  same  arnotint  of  time  as  the  dcmincra.I- 
ization  specitr^ens  stayed  in  the  foimtc  acid  solution  and 
the  measurements  were  repeated  after  this  period-  The 
saline  solution  was  supplemented  with  Gentamicin  (3 
X  Gentamicin  Q.Ci  ml -h  1  X  PBS  200  ml)  to  prevent  deg¬ 
radation  of  bone  due  to  hacteriai  growth, 

Experiment  3  (Glycated  Bovine  Bone} 

In  order  to  determine  how  the  dimensions  of  bovine 
bone  with  increased  cross-link  content  change  upon  de¬ 
calcification,  four  RX  two  RZ.  and  one  tangential -axial 
(TZ)  spM^imens  were  machine  frcuii  a  bovine  tibia.  Fol¬ 
lowing  the  reference  mcasureTnenTs,  the  specimens  were 
glycated  (to  increase  the  cro&s-ltnk  content)  with  LOO 
mg/ml  of  ribose  in  1  X  Hanks  buffer/ 1-3  inhf  CaCl^  at 
37  C  for  7  days^  and  edge-length  and  angles  were  re- 


TABLE  1.  Changes  In  length,  area,  and  angle  pflrflmeters  In  dtegelcifyi ng  solution  after 
demlfierBlteatlon  of  bovine  bo  no.  Slgnlfigant  results  are  highlighted  and  Indicated  by  a  “t" 
Blank  ^in tries:  no  gorrsep ending  measufemani;  positive  nun^bers  Indicate  entargemenl  aRer 

respective  trestmerit. 


Specimen 

A^ital  (%) 

Tangential  (%) 

Radial  (%) 

Angle  (“) 

Area  (%) 

RZ 

-20.1 1 

4.7t 

0-256 

-16,5 

(2,53 

(4,5) 

(0,973) 

(4.7) 

P<o.fi001 

p^O.002 

p>0,7 

pc  0,0001 

F=rr 

-0.04S 

17,Bt 

0.323 

I7.ef 

(^,372) 

(2.5) 

(O.S1 7) 

(IS) 

n=9 

p>0,9 

p<0,000l 

p>0.2 

P<O.Q001 
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TABLE  2.  Changes  In  lengih,  sreSf  and  angle  parameters  m  satlne  solution  after 
deminaralSsailon  of  bovine  bone.  SlgnlHcant  reauHs  are  highlighted  and  Indlgotecf  by  a ‘T  ^Ign. 
Blank  entries'  no  corresponding  rrwBsuromont;  positive  numbers  Indicate  enlargement  otter 

respective  treatment. 


Speclinan 

Axial  (%) 

Tangential  (%| 

Radial  (%} 

Angle  C) 

Aresi  (%) 

RZ 

-7.1  St 

4.37t 

3.100 

-3.44 

(1  03} 

<1.S2) 

(1.421) 

(1.03) 

rr-S 

p<0,001 

p=0.0Q3 

0.008 

0.002 

RT 

2,33t 

6.1 9t 

0.250 

e.OTt 

(0.98) 

(113) 

(0.637) 

(0.89) 

n=S 

p-o.ooe 

p<0,M1 

p>0.4 

p<0.001 

Treasured  in  saline.  Tlioit,  the  spccimet^S  were  demi.tier- 
alizcd  following  the  procedure  stated  above.  DecaJcifica- 
don  was  complete  after  7  days  Length  and  angle 
inea.surcmciits  were  repeated  after  demineralization,  once 
in  saline  and  ox\c&  in  the  decalcifying  solution. 

Multiple  length  and  angle  rneasurements  wene  aver¬ 
aged  and  one  value  was  used  for  each  specimen.  The 
results  were  compared  u^sing  repeated  nnensurcs  of  anaEy^ 
sis  of  variance  (ANOVA)  in  experimental  groups  sulv 
jected  to  rnoiC  lb  an  one  treatment  or  measurement  (base 
line,  postdemineralization  iti  decalcifying  solution  and 
postdemineralization  in  saline  solution  measmernents  in 
experiment  2  and  base  Itne^  postgly cation,  postdemincr- 
ali:jation  in  decalcifying  solution  and  postdemmcraliza- 
don  in  saline  solution  measurements  in  experiment  3)- 
When  the  data  failed  normality  or  equal  variance  tests, 
nonparaTTlctric  repeated  measures  of  ANOVA  on  ranks 
(Friedman)  was  used.  To  isolate  treatments  that  differed 
signif  cantly  from  the  others,  Bonferroni  (Tukey’s  test  In 
case  of  nonparametric  ANOVA)  procedures  were  used. 
Tn  experiment  groups  subjected  to  one  treatment  ou]y 
(experiincnt  1  and  the  control  group  in  experiment  2), 
the  resuUa  were  compared  using  paired  t-tests  following 
a  normality  test  (liCoimogOFOv-Smimov).  For  a  few  vari- 
al^lcs  that  failed  Ibe  normality  test  tlic  comparison  of 
groups  w^ere  made  using  a  Wilcoxon  signed  tank  test, 
Pre-  and  poslpTOcedurc  values  of  the  same  spcciryien 
w^crc  the  paired  variables,  Treaiment  effects  were  exam¬ 


ined  with  respect  to  base-line  measurements  in  all  ex¬ 
periment  groups. 

RESLTLTS 

The  changes  in  demmcraliaed  length,  area,  and  angle 
arc  pregen  ted  in  Tables  1-C5.  In  Tables  1^6,  changes  in 
length  and  area  arc  reported  as  percent  changes  with 
standard  deviations.  Changes  in  angle  are  presented  ill 
terms  of  degrees  as  mean  difference  (with  standard  errors 
indicated  parenthedcally)  between  pre-  and  postdemincr- 
alizatiou  since  this  is  equivalent  to  shear  strains  Note 
dial  positive  vahica  in  percent  changes  correspond  to  an 
increase  in  The  measured  quantity. 

E^^per'iment  J  (Bovine  Bon^} 

The  changes  in  demineralized  length,  area,  and  angle 
arc  presented  tn  Tables  1  and  2,  Demin  era  lizccJ  length 
was  signiilcantly  siuaJJer  dian  base  line  in  the  axial  di¬ 
rection,  whereas  demineralized  length  tn  the  radial  direc¬ 
tion  was  significantly  greater  in  botli  decalcifying  and 
saline  solutions  (Tables  1  a^nd  2,  Fig-  2).  Values  in  one  of 
the  RT  specimens  were  more  than  2  standard  deviadortS 
different  than  die  mean  valites  (lioth  radial  and  tangen¬ 
tial)  in  the  group  measTircd  in  the  decalcifying  golution. 
Therefore,  this  specimen  was  discarded.  Significance 
level  of  the  statistics  did  not  change  by  excluding  this 


TABLE  3.  Changes  In  length,  arefl,  and  angle  parameters  In  decaleilving  solutino  after 
demineralfzanQn  of  human  bone.  Slgnifleani  resurts  are  highlighted  and  Indicated  by  a  "f' sign. 
Blank  anirtefi-  no  corrappondteg  measurement;  positive  numhars  Indicate  enlargement  after 

reapeedva  treatment. 


Specimen 

Axiai  i%) 

Tangential  (%) 

Radial  (%) 

Angte  (■*) 

Area  (%) 

RZ 

-4.4t 

-0.22 

0.0416 

-4.6t 

(0.47) 

(1.40) 

(0.271) 

(1.6) 

p<D.001 

p^0,4 

p>o.e 

p<0.001 

FT 

0.03 

14Tf 

0.235 

2.0t 

(D.SS) 

(0.03) 

(0.166) 

(0.67) 

n  =  S 

p>0.2 

p-0.036 

pcO.O 

p-0.014 
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TABLE  4.  Changes  ifl  (ongth,  area,  and  angle  parametore  h  salitw  soluilon  after 
d6!nineraIlM(ti<jn  of  human  bone.  Slgnlfloent  rBSUlia  are  highlighted  and  Indicated  by  a  'T  atgti. 
Blank  eotrlea:  no  corresponding  rrwasui^niient^  positve  numbers  Indicate  enlargemani  after 

respacllve  treatment. 


^Specimen 

Axial  {%) 

Tang&ntia!  (%) 

Radial  (%) 

Angle  (®) 

Area  (%} 

RZ 

-a,05t 

0,40 

0.209 

(0,99) 

(0-72} 

(0.127) 

(1.26) 

(7=5 

p<0.(J01 

p>0.4 

p>0.6 

psi(1.033 

RT 

0,S7 

LOS 

0,239 

1.33 

(0-71] 

(0.87) 

(0.256) 

(1.19) 

(7-^5 

p>02 

p  =  0.143 

p"a.og6 

gp&cimen.  In  addition  to  the  axial  and  radial  changes, 
there  was  a  significant  expansion  in  the  tangential  direc¬ 
tion  when  Tlie  dimensions  were  measured  Iti  saline,  but 
not  in  decaleifi  cation  solntioit,  after  demineralization 
(Table  2). 

There  was  a  significant  distortion  (change  in  comet 
angles)  in  the  RZ  plane  as  tncasiLred  in  saline  after  dem- 
incTalization  (Tabic  2),  whereas  no  significant  difference 
in  comer  angles  between  pre-  and  postdemineralizaitinn 
messureracnts  was  observed  in  decalcifying  sohiticm  nor 
in  the  RT  plane  ih  saline  after  deTnineralizaUon  (Tabic  1). 

The  area  of  the  specimcEs  were  significantly  diffcTcnt 
than  normal  after  dcinineralization  botlt  in  decalcifying 
(Table  1)  and  saline  (Table  2)  solutions  in  accordance 
witli  length  changes^ 

Expcrifnmt  2  (Human  Bone) 

Tlie  changes  in  dcminemltzed  length,  area  and  angle 
as  measured  in  the  decalcifying  and  saline  solutions  are 
presented  in  Tables  3  and  4,  respectively, 

DemineTalizcd  length  was  significantly  decreased  in 
The  axial  direction  for  both  dc^alcifyinE:  and  saline  solu¬ 
tions  (Tables  3  and  4,  Fig.  2). 

Demineralized  length  in  the  radial  dinection,  measured 
in  decaicifying  solution,  was  significantly  greater  than 
ttonnal  in  the  RT  plane  (Tabic  3)-  The  difference  was 
smaller  and  the  significance  was  lost  when  demmeratized 
specimens  were  measured  in  saline  (Table  4).  No  signifi¬ 


cant  change  was  observed  in  the  radial  direction  in  the 
RZ  plane  (;?>0,4)  and  in  the  tangential  direction  in  the 
RT  plane  (p>D.2). 

Tlie  difference  in  areas  between  pre>  and  poaideminer- 
alization  measurements  was  significant  on  both  the  RT 
and  RZ  planes  when  demineralized  specimens  were  mea¬ 
sured  in  the  decalcifying  solution  (Tabic  3),  In  saline, 
shrinkage  in  the  RZ  specimens  was  still  significant  (p 
-0  0361)  but  s mallei;  whereas  the  swelling  in  the  RT 
Bpecitnens  was  no  longer  significant  (Table  4). 

No  significant  difference  in  any  of  the  mea^sured  pa¬ 
rameters  was  observed  between  initial  and  posts  aline 
measurcmeini&  in  the  un decalcified  control  group  speci¬ 
mens  that  were  stored  in  saline  (Table  5). 


Experiment  3  ( Glycated  Bovme  Bone) 

The  changes  in  measured  parameters  after  giycation 
and  after  demineralization  are  presented  in  Table  6. 
There  was  no  difference  between  pre-  and  postglycation 
TneasiiTtments  (p>0.09  for  all  tests).  The  difference  in 
the  area  was  les$  than  1%  in  all  planes. 

Significant  changes  in  the  tangential  direction,  mea¬ 
sured  in  the  decalcifying  solution,  were  no  longer  sig¬ 
nificant  when  measured  tit  .saline.  The  only  significaiH 
jpeasuienicnt  in  saline  was  the  shrinkage  in  the  axial 
direction  when  the  axial  measuremeuL^  arc  combined 
from  two  planes  (Table  6,  Fig,  2), 


TABLE  s.  Changes  In  f&ngih,  and  angle  pflfamalers  tor  the  control  specimens  (human 
bona  sped  mens  filored  In  saline  without  daceiciflcation).  Blank  entries:  no  corresponding 

meesuroment 


$pedmen 

Axial  (%) 

Tangential  (%) 

Radial  (%) 

Angle  {'") 

Area  (%) 

RZ 

0.19 

-0.1& 

0.15 

-D.17 

(0.7B) 

(1.07) 

(0,30) 

(1.26) 

n=5 

p>0.6 

p>0.7 

p>0,6 

P>0.fi 

RT 

1.63 

-0.91 

0.50 

0.70 

(Tfl7) 

(0.96) 

(1,32) 

(1,62) 

f7“5 

p>0.05 

p>0.1 

p>0.4 

p>0.3 
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TABLE  B.  Chanaea  111  araa.  flBd  angle  paiamftWr*  flfier  pivcatlcin  on«  aubMquamflomJrwraUzatfon  of  giyoated  bovine  bone.  aianK  enbloa:  no 

cort^aapondlng  rtleaauromonCj  significant  reaulte  are  highlighted  and  indicated  by  e  "t"  positive  nblTtbara  InfiicatE  enlargamstld  aftet'  raapacllve 
trantrnoh'L  and  vtduo  1*  reported  &%  a  nMflSLii'B  of  flignfflcanoe  by  ifluHlpio  ooinpBrlaoil  foili  foil  owl  np  nOPPSt^irwirio  rapesled  of 

AHOVA  (the  higher,  the  more  algnlflcanO. 


After  dBCBldl>  lnB,  Alter  dacalclfylng, 

After  glycntion  in  do  calcifying  SdliAlon  m  saline  solution 


Spsclmsrt 

Axial 

{%) 

TarigerHiaE 

Redial 

Angle 

n 

Ara^ 

r-4) 

As<1bI 

m 

Tanfl$nti!^t 

(%) 

Radial 

w 

Ann  III' 

n 

Area 

(%} 

Axtai 

isiigAntiBi 

m 

Redial 

(%) 

Artgi© 

n 

Area 

HZ 

r?~2 

-0.26 

(asT) 

p>0,1 

-0,31 

(0,45) 

p>0.1 

(0,330) 

p>0.7 

-0,29 

(0.03) 

g<1.1 

-1.31 

(0.37) 

p>D.l 

-1.0D 

(0.11) 
^>0  1 

0.129 

(0.276) 

P^O.7 

-0.60 

(0.23) 

<7<2.2 

-0,91 

(0.36) 

p>0.1 

ail 

(0.03) 

p>0,1 

0.0900 

[0.4163 

p>07 

-0.05 

(□.Z43 

U<3,3 

RT 

n=4 

-0.1^ 

(0,29) 

q<0.8 

0.4^ 

(0.3S) 

fi>o.e 

0.109 

(0.158) 

p>0.2 

Q.ia 

(0.27) 

P>0S 

-1.S8t 

({),69) 

ttn^3.673 

-0,07 

(1.17) 

P>0,6 

0.fl39 

(C.332) 

-D.fia 

(0.753 

p>0.5 

-0.25 

(£.02) 

1 .6 

-o.oe 

mr) 

p>0.8 

Q  S43 

(aasfl) 

p>0,a 

t1A4) 

p>a.5 

T2 

n-l 

-0,97 

-0.99 

0.0025 

-0.97 

-1.11 

-i,ie 

0.ES3 

-1.11 

-0.S9 

-1.0G 

0,B63 

-0,83 

CijmDJnse 

-0,60 

[O.^S) 

p>oa 

-0,31 

(O.W) 

f7>Q,0B 

0.17 

(0.52) 

p>Da 

-144f 

(oaa) 

p-0.005 

-!.47t 

(0,S3) 

p>0.0S 

0.25 

(O.TB) 

p>o,a 

-0.B4t 

C0,2&) 

p“0,Q35 

-6.34 

(170) 

p>o.oe 

-0.3a 

(oas) 

p>0,2 

DISCUSSION 

DimensioBai  change  in  cortical  bone  due  to  denriiner- 
aJization  was  studied  in  order  to  address  the  qucsiion  rif 
whClJier  mineralization  may  contribute  to  prestresis 
mechanisms  in  a  way  consistent  with  in  cracking 
patterns.  Signijficant  and  anisotropic  changes  in  the  size 
of  bovine  and  human  cortical  bone  specimens  were 
caused  by  demineralization.  The  results  indicate  diat  hu¬ 
man  bone  shows  a  reducliort  in  axial  length  with  dein- 
inetnlizatioi)  and  bovine  bone  exhibits  a  similar  behavior 
The  Tneasurements  were  conducted  in  solution  (eliminat¬ 
ing  drying  effects)  but  making  the  resnlts  dependent  on 
the  ionic  content  of  the  solution The  magnitude  of 
the  change  in  measured  dimensions  was  dependent  upon 
the  bathing  solution  consistent  with  previous  studies- 
In  order  to  reduce  uncontrolled  variability,  specimen  dn- 
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FIGURE  2,  DfmanslonaJ  caused  by  demlnaralizatlun 

of  cgriical  bon«  are  drawn  on  a  seal^  ratativa  to  the  original 
aiw  cf  the  specimen  as  meaaured  in  saline  solution.  Bovine 
buna  la  distorted  rn  the  longitudinal  plane  h  eddhion  to 
shrinking  axially  and  expanding  radlBlly  (I)*  Human  bone  axl- 
elly  enrinks  (11)  end  bovine  bone  behaves  similarly  whan 
cross  Jinking  la  Increased  (III), 


HOTS  were  limited  to  one  bovine  and  one  human  c&daver, 
thus,  likely  effects  of  interindividual  variationa,  genden 
and  age  wem  not  cxainined 

Human  bone  in  saline  solution  (Thblc  4),  which  more 
closely  resembles  the  in  viw  situation,  showed  a  reduc^ 
tion  in  axial  length  with  deTuineraUzation.  Bovine  bone 
exhibited  similai  results  to  human  in  both  bathing  solu¬ 
tions  tested-  The  obscR^cd  axial  shrinkage  in  both  bovine 
and  human  bones  of  different  micros  true  turcs  supports 
the  idea  that  mineralization-related  dimensional  changes 
occur  M  fl  finer  level  than  micnosti'uctural.^^  As  mineral 
crystals  grow  in  the  hole  regions  of  fibrils^  and  become 
larger  than  the  axial  gap,^  collagen  molecules  will  be 
pushed  away.  As  the  miueralizatioTi  proceeds  to  fill  the 
exiTafibrillar  spaces,  the  fibrils  will  straighten.  Bone  col’ 
lagetn  is  laid  down  m  the  form  of  sheets,  resulting  in 
different  microstnicaires  such  as  plcxi.form,  circumferen¬ 
tial  lamellae,  trabecular  packets  and  osicems-  The  major¬ 
ity  of  collagen  and  mineral  is  aligned  with  the  long  axis 
of  bone^  therefore,  our  results  suggest  cha.l  a  newly 
formed  mlcrostnicture  would  tend  to  lengthen  along  the 
axis  of  princippJ  collagen  orientation  during  mincralizar 
[ion;  in  long  bones  along  the  anatomical  axis  consistent 
with  previous  observations^'^  and  the  current  rtsults.  AsS  it 
lengthens,  the  new  rmcioslructure  will  put  the  old  bone 
m  tension  by  pulling  the  surrounding  tissue  apart  and  the 
reaction  from  the  old  bone  will  put  the  new  tnicrostruc- 
turc  in  compression.  A  simple  analogy  of  this  situation  is 
einbcddmg  an  elastic  bai  in  another  material  and  pulling 
the  bar  from  both  ends.  As  the  bar  is  stretched  from  both 
ends,  if  will  apply  tension  to  the  embedding  material 
through  shearing  at  the  interface  between  tJie  bar  and  the 
embedding  material.  The  reaction  from  the  embedding 
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Tnatcrial  on  the  bar  will  be  compi^ssivc,  again  through 
(iihcar, 

!i  has  been  shown^  by  examining  the  primary  bone 
tissue  in  humans,  thai  a  mature  level  of  fluorescent  (fluo- 
reKcencc  resulting  from  the  presence  of  noncntymacic 
glycation  end  products)  collagen  cross  links  is  achieved 
for  a  tissue  age  of  approximately  15  yCStfS,™  whereas 
bovine  bone  found  in  abattoirs  is  typically  J,5-2  years 
old.  Therefore,  the  amount  of  collagen  cross  linking  is 
expected  to  bc  different  between  bovine  and  mature  hu¬ 
man  bones.  To  test  whetlier  increased  cross  linking  in 
bovine  bone  would  address  the  observed  differences  in 
dimensional  changes  between  bovine  and  human  bones* 
bovine  bone  was  non  enzymatically  glycated  wliieh  is  a, 
natural  way  of  forming  cross  links  resulting  from  a  re¬ 
action  of  reducing  sugars  with  collagen.^^  Although  no 
direct  qu an tifr cation  of  increased  cross  links  was  per¬ 
formed  on  the  glycated  specimens  Of  this  study  it  was 
expected  that  g!y cation  of  bovine  bone  would  increase 
collagen  cross  linking  based  on  the  previous  work  En  our 
laboratory When  the  cross-link  content  of  the  matrix  of 
bovine  bone  was  increased  using  non  enzymatic  gly  cation 
ill  vHra,  it  became  similar  to  human  bone;  instead  Of 
large  dimensional  changes  in  all  direcCiorLS.  there  was  a 
redVtion  of  length  only  iu  the  axial  direction  when  mca^ 
sured  in  saline  (Table  6), 

The  presence  of  presOains  in  bone  has  been  demon¬ 
strated  previously  using  hole  drilling^''  and  saw  cutting-^^ 
Ascenzi  and  Benvennli^  presented  evidence  for  pres  train 
also  at  the  osteon a.l  lamellar  level  by  demonstrating  that 
ostconal  lamellae  assumed  a  distorted  cylindrical  shape 
upon  isolation  and  a  hclicoidal  arTangement  upon  cutting 
after  isolation.  Isolation  would  remove  constraints  andp 
therefore,  relieve  stresses  thai  may  have  been  f'omied  by 
mineral ization  of  neighboring  microstructurcs  at  different 
times-  Relief  of  the  constraint  could  cause  (he  obseived 
shape  chajiges  in  lamellae  in  accordance  with  our  latter- 
scale  experimfint*  Because  specimens  with  different  lev¬ 
els  of  caJciRcalion  and  dccaScified  specimens  assumed  a 
similar  helicoidal  arrangement  upon  cutting,  Ascenzi  and 
Benvenuti^  concluded  that  mineralization  did  not  have  an 
essential  effect  on  prcstres&es.  How'cver,  isolation  and 
cuuing  could  relieve  pres  tresses  that  are  built  by  the 
mineral  phase  even  though  relieving  them  does  not  in¬ 
volve  removing  the  minsral.  This  is  possible  in  a  stiuc- 
ture  as  that  of  the  mineral/coiTagoit  netwark  whicli  can 
be  considered  as  TionhomogeneDiiSly  stretched  and  inter* 
connected  elastic  sheets,  Neverthcleas,  the  iiivolvcmeni 
of  mineralization  in  building  preistresscs  may  be  different 
between  and  within  bone  micros tniciuic*  More  recently, 
Ascenzi^  analyzed  the  helicoidal  arrangement  of  osteon  al 
lamellae  and  dimensional  changes  upon  isolation  and 
cutting  in  more  detail  and  estimated  large  shear  and  axial 
strains  in  osteons.  In  our  macro  scale  meastirerncTitf:, 
shear  deformation  (or  distortion)  was  observed  for  bo¬ 


vine  bone  in  a  loiigitudinal  plane  measured  in  saline 
only  wliereas  axial  pretension  of  the  bone  collagenous 
matrix  could  be  dcmonstra.led  for  bodi  human  and  bovine 
bones  in  different  media  consistent  with  Ascctizi's  find¬ 
ings.  The  dimensional  changes  caused  by  demineraliza¬ 
tion  found  in  this  study  suggest  that  preairains  could 
occur  during  mineralization.  This  way.  botie  builds  itself 
into  a  self-iicinforceil  pmstrosscCl  COmpo,site  material.  In 
the  case  of  plexiform  bone,  the  tension -compression 
prEstiain  patterns  would  be  variable.  In  the  case  of  cir¬ 
cumferential  lamellae,  the  outer  rings  would  be  expected 
to  be  in  tension  while  the  inner  rings  would  be  pre- 
strained  in  cDTopresaion.  prestresses,  generated  by  length¬ 
ening  osteons,  would  put  the  interstitial  bone  in  tension 
while  die  new  o*steon  b  in  compression.  In  composites 
where  one  phase  is  coated  with  another  phase  prestressed 
in  tension,  the  failure  of  the  composite  is  by  fracture  of 
the  prestressfid  phase  and  the  cracking  of  the  adhesive 
layer  is  prevented  whereas  composites  of  the  same  kind 
without  the  prcsttess  fail  at  the  interface  between  the 
phases  under  bending Analogous  to  these  composites, 
tens  lie  prestresses  in  the  interstitial  bone  and  compres¬ 
sive  prestresse^  in  the  new  osieou  \vould  ensure  that  the 
cracks  will  initiate  in  the  interstitial  bone  and  stop  at  the 
osteonal  cctncnt  Hue  thus  protecting  the  more  viable 
bone. 

The  demineralization  results  are  consistent  with  a  pos¬ 
sible  damage  mechanism  resulting  from  axial  expansion 
during  mi ncrnl ization.  For  a  mitiaralizing  osteon  bonded 
to  inteistitial  bone  Till  at  is  already  mineralized  (or  a  min¬ 
eralizing  remodeling  packet  in  trabecular  bone)^  axial 
expansion  of  tlie  osteon  could  cause  debonding  of  the 
cement  line  due  to  shear.  This  would  cause  miCfOSiruc- 
turaJ  damage  in  the  cement  line  as  is  often  seen  in 
If  the  axially  expanding  osteons  cause  enough 
tensile  stresses  oti  the  .sunounding  bone  matrix,  cracks 
could  also  form  directly  tn  the  interstitial  roflirjx.  Tliesc 
possible  mechanisms  of  mi ueralizati on- caused  microc- 
racking  arc  analogous  to  the  interstitial  matrix  cracking 
and  fiber  debonding  m  a  fiber  ceramic  composite  sub¬ 
jected  10  thermal  residual  Stresses. 

A  possible  implication  of  microdamage  produced  by 
mineralizajtion  is  that  it  could  be  a  remodeling  signal  for 
unloaded  or  lightly  loaded  bones, If  miricralizaiion 
can  cause  matrix  damage  and,  consequently,  engender 
more  remodeling,  it  would  be  expected  that  osteons 
would  cluster  together  This  is  what  was  found  by  Lcs 
where  osieons  of  the  horse  third  m  eta  carp  a!  bone 
were  demonstrated  to  associate  with  one  another  at  a 
much  greater  than  random  level. 

The  difference  in  the  magnitude  of  the  olwerved  di¬ 
mensional  changes  between  bovine  and  human  bones 
suggests  that  humaii  and  bovine  bones  arc  somewhat 
different  in  their  response  to  d&calcifi cation.  Tiic  differ¬ 
ences  rnay  be  caused  by  greater  volume  pereencage  of 
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Urther  cxiMnsion  in  both  bovine  and  Jiuman  bones  in 
he  ti’MSverse  plane  (RT)  in  decalcifying  solution  and  the 
change  m  this  behavior  upon  altering  the  cross-link  con¬ 
tent  can  be  attributed  to  the  polymeric  nature  of  the 
collagen.  A  polymer  network  tends  to  swell  in  the  pres¬ 
ence  of  a  solvent,  the  swelling  being  limited  by  cross 
linJciog  among  poJ)aner  chains  or  by  coTiscvaints  fjorn  the 
presence  of  crystallites.  A  part  of  the  mineralization- 
caused  prestresses  may  be  due  to  the  constraint  by  the 
mineral  on  the  swelling  of  the  Collagen.  Larger  expan¬ 
sion  in  bores  in  the  transverse  plane  (RT)  measured  in 
acidic  decalcifying  solution  compared  with  that  mea¬ 
sured  after  returning  to  saline  solution  can  be  attributed 
w  the  low  pH  of  the  solutioT]  since  colJagci]  fibrils  tend 
£0  swell  more  in  the  presence  of  etcher  an  acidic  or  basic 

Volume  cliange  in  collagen  due  to  sw-elling  is  revers¬ 
ible  provided  that  the  system  is  below  a  characterisUc 
temperature  which  is  36-37  ""C  For  bovine  and  human 
tendon-^"^  Our  experiments  were  condircted  at  room  tern- 
pertiture,  therefore,  it  is  likely  that  swelling  of  tJie  col¬ 
lagen  nciwork  in  acidic  decalcifying  solution  was  revers¬ 
ible  and  uo  permanent  change  was  caused  in  collagen 
Structure. 

DjmjeiisiQTifl.1  cli  arises  due  to  demit]  CT^thzati  on  were 
different  in  magnitude  and  direction  in  different  anatomi- 
cal  orientations.  This  anisotropic  response  to  demineral¬ 
ization  is  consistent  with  previous  results  from  exanuna- 
Cion  of  cylindrical  specimens.^  Lees  also  reported  a 
demineralization -caused  axial  shrinkage  in  the  same  or¬ 
der  of  piagniriide  with  our  results  for  wct  bovine  botie. 
However,  the  results  are  not  directiy  comparable  due  to 
differences,  such  as  a  drying  step  between  wet  and  dem- 
Ix,«a]ized  hone  in  Lces  era/./"  in  the  methodology  bs- 
tween  the  coiTcnt  study,  and  others-  The  magnitude  o 
the  dimensional  change  in  a  given  anatomical  direction 
was  also  different  depending  on  which  plane  was  used 
for  measurement  (such  as  the  I'adial  direction  measured 
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sxial  expansion  of  osteons  ' 


ssis  that 

1  ,  .  and  remodeling  packets  re¬ 

sulting  from,  mincraltxation  can  increase  the  po.?sibili[y 
that  bone  Will  crack  at  the  cement  line  or  through  the 
JJitcrstittal  boTTc. 
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